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BACKGROUND: There is a great concern on potential adverse effects of exposure to perfluorooctane sulfonate (PFOS) in sensitive subpopulations, such
as pregnant women, fetuses, and neonates, due to its reported transplacental and lactational transfer and reproductive and developmental toxicities in
animals and humans.

OBJECTIVES: This study aimed to develop a gestational and lactational physiologically based pharmacokinetic (PBPK) model in rats and humans for
PFOS to aid risk assessment in sensitive human subpopulations.

METHODS: Based upon existing PBPK models for PFOS, the present model addressed a data gap of including a physiologically based description of
basolateral and apical membrane transporter—mediated renal reabsorption and excretion in kidneys during gestation and lactation. The model was cali-
brated with published rat toxicokinetic and human biomonitoring data and was independently evaluated with separate data. Monte Carlo simulation
was used to address the interindividual variability.

RESULTS: Model simulations were generally within 2-fold of observed PFOS concentrations in maternal/fetal/neonatal plasma and liver in rats and
humans. Estimated fifth percentile human equivalent doses (HEDs) based on selected critical toxicity studies in rats following U.S. Environmental
Protection Agency (EPA) guidelines ranged from 0.08 to 0.91 pg/kg per day. These values are lower than the HEDs estimated in U.S. EPA guidance
(0.51-1.6 pg/kg per day) using an empirical toxicokinetic model in adults.

CoNCLUSIONS: The results support the importance of renal reabsorption/excretion during pregnancy and lactation in PFOS dosimetry and suggest that
the derivation of health-based toxicity values based on developmental toxicity studies should consider gestational/lactational dosimetry estimated
from a life stage-appropriate PBPK model. This study provides a quantitative tool to aid risk reevaluation of PFOS, especially in sensitive human sub-
populations, and it provides a basis for extrapolating to other per- and polyfluoroalkyl substances (PFAS). All model codes and detailed tutorials are

provided in the Supplemental Materials to allow readers to reproduce our results and to use this model. https://doi.org/10.1289/EHP7671

Introduction

Perfluorooctane sulfonate (PFOS) is a synthetic chemical that has
been widely used in consumer and industrial products over 60 y
since the 1950s. It can also be generated by the degradation of a
large group of related chemicals, such as fluorochemical materials
and precursor compounds (Lau et al. 2007). PFOS has been
detected globally in the environment (Giesy and Kannan 2002),
wildlife (Giesy and Kannan 2001), and serum samples in various
human populations throughout the world (Kannan et al. 2004). In
the general U.S. population, more than 98% of the population has
measurable levels of PFOS in serum samples from the 1999-2000
(Calafat et al. 2007a), 2003-2004 (Calafat et al. 2007b), and
2013-2014 National Health and Nutrition Examination Surveys
(NHANES) (Calafat et al. 2019). Despite the fact that the use and
production of PFOS have been phased out in the United States
since 2002 (U.S. EPA 2009; FDA 2017), there is still a great con-
cern regarding its human health risk because of environmental per-
sistence (Giesy and Kannan 2002), bioaccumulation (Giesy and
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Kannan 2001), long half-life in humans (3.3-6.9 y) (Olsen et al.
2007), and reported toxicity in animals and humans (Darrow et al.
2013; Feng et al. 2015; Gallo et al. 2012; Peden-Adams et al. 2008;
Takacs and Abbott 2007; Uhl et al. 2013). Exposure to PFOS dur-
ing pregnancy and lactation is of particular concern because of its
frequent detection in the maternal plasma and umbilical cord blood
(Beesoon et al. 2011; Cariou et al. 2015; Chen et al. 2017; Fei et al.
2007; Fromme et al. 2010; Giitzkow et al. 2012; Inoue et al. 2004a;
Kato et al. 2014; Lee et al. 2013; Mamsen et al. 2017, 2019;
Midasch et al. 2007; Monroy et al. 2008; Yang et al. 2016; Zhang
et al. 2013b) and breast milk (Cariou et al. 2015; Kim et al. 2011;
Leeetal.2018).

In recent risk assessment reports from U.S. Environmental
Protection Agency (EPA) and European Food Safety Authority
(EFSA), developmental toxicities were considered as the most sen-
sitive end points for PFOS (EFSA CONTAM Panel 2018; U.S.
EPA 2016). Specifically, the 2016 U.S. EPA Health Effects
Support Document for Perfluorooctane Sulfonate (U.S. EPA
2016) included several developmental toxicity studies in rodents
as a basis for the derivation of the reference dose (RfD). The most
sensitive end points in these studies are decreased pup body weight
(BW) with a no observed adverse effect level (NOAEL) of
0.1 mg/kgper day (Luebker et al. 2005a), developmental neuro-
toxicity (i.e., increased motor activity and decreased habituation)
with a NOAEL of 0.3 mg/kg per day (Butenhoff et al. 2009), and
decreased pup survival with a NOAEL of 1.0 mg/kg per day (Lau
et al. 2003). Human epidemiological studies have also reported
potential associations between prenatal and early life PFOS expo-
sure with various adverse outcomes. There is relatively stronger
evidence for the potential effects of PFOS on lower vaccine effec-
tiveness (Grandjean et al. 2012) and dyslipidemia (Lin et al. 2019;
Rappazzo et al. 2017; Sunderland et al. 2019), yet findings are
mixed with some studies reporting no associations for other health
outcomes, including reduced birth weight (Dzierlenga et al. 2020),
allergies (Impinen et al. 2018), asthma (Humblet et al. 2014), and
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cognitive functions (Skogheim et al. 2020). Because PFOS is
known to have substantial interspecies toxicokinetic (TK) differen-
ces, extrapolating dosimetry and toxicity from animals to the
human population and considering the TK changes during different
life stages are critical in its risk assessment, but they are difficult
and of high uncertainty. This can be addressed through a physio-
logically based pharmacokinetic (PBPK) model that is validated
across species and different life stages.

During pregnancy, significant alterations in serum PFOS lev-
els compared with nonpregnant levels have been reported (Glynn
et al. 2012; Nielsen et al. 2020; Pan et al. 2017), a finding which
has been partially attributed to the changes of physiological pa-
rameters and renal mechanisms (Han et al. 2012; Loccisano et al.
2013; Verner et al. 2015). Renal mechanisms influence the serum
PFOS levels mainly through excretion mediated by the glomeru-
lar filtration rate (GFR) and renal tubular reabsorption and excre-
tion (Han et al. 2012). A previous human PBPK model for PFOS
showed that model-predicted PFOS concentrations were lower
and might be caused by a faster excretion due to a higher GFR
during pregnancy (Loccisano et al. 2013). Renal reabsorption and
excretion of PFOS are mainly governed by the expression of or-
ganic anion transporters (OATs) on the apical and basolateral
membranes of the proximal tubule cells (PTCs) (Harada et al.
2005; Yang et al. 2010), whose activity might also be altered dur-
ing pregnancy and lactation. Past modeling studies have demon-
strated the potential role of saturable renal reabsorption in the TK
behavior for PFOS and its structurally similar compound, per-
fluorooctanoic acid (PFOA), in rodents (Chou and Lin 2019;
Harris and Barton 2008; Kieskamp et al. 2018; Loccisano et al.
2012a; Tan et al. 2008; Worley and Fisher 2015), monkeys
(Andersen et al. 2006; Chou and Lin 2019; Tan et al. 2008), and
humans (Brochot et al. 2019; Chou and Lin 2019; Fabrega et al.
2014; Loccisano et al. 2013; Ngueta et al. 2017; Rovira et al.
2019; Ruark et al. 2017; Verner et al. 2015; Worley et al. 2017;
Wu et al. 2015). For example, Loccisano et al. (2011) developed
a basic PBPK model that was able to describe the TK behavior of
PFOA and PFOS and was subsequently expanded to include the
simulation during pregnancy (Verner et al. 2015) and lactation
(Loccisano et al. 2012b, 2013). In these models, only a single
transporter [i.e., organic anion transporting protein lal
(OATPlal)] was used to describe the saturable reabsorption of
PFOA and PFOS from the filtrate compartment back into the kid-
ney, but the transporter-mediated renal excretion has not been
parameterized in their models. Considering this limitation,
Worley et al. (2017) and Worley and Fisher (2015) included both
the renal reabsorption and excretion pathways of PFOA by
accounting for transporter activities in proximal tubule apical
(i.e., OATPlal) and basolateral sides (i.e., OATI1 and OATS3)
from in vitro studies (Nakagawa et al. 2008; Weaver et al. 2010)
to simulate the process of reabsorption/excretion kinetics of
PFOA in a rat PBPK model. Subsequently, the rat model was ex-
trapolated to humans to describe the TK behavior of PFOA fol-
lowing drinking-water exposure (Worley et al. 2017). Although
previous studies have made great efforts, none has accounted for
the process of transporter-mediated renal reabsorption and excre-
tion for PFOS during gestation and lactation.

Based upon past modeling efforts, we expanded the PFOA
PBPK model by Worley et al. (2017) and Worley and Fisher
(2015) to develop a comprehensive PBPK model for PFOS dur-
ing adulthood in multiple species, including mice, rats, monkeys,
and humans, within a Bayesian framework (Chou and Lin 2019).
This model has been integrated with a newly developed dose—
response model within a Bayesian framework, thereby creating a
probabilistic risk assessment approach that has been shown to be
useful in the risk assessment of PFOS (Chou and Lin 2020). This
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model can characterize the uncertainties across and within spe-
cies to provide data-driven parameters in renal transporter
kinetics, and it can also serve as a basis for extrapolating to other
life stages such as gestation and lactation to support risk assess-
ment of sensitive subpopulations. Based on our adulthood PBPK
model, the objective of this study was to develop a gestational
and lactational PBPK model for PFOS during gestation and lacta-
tion in rats and humans that can address the abovementioned li-
mitation of prior PBPK modeling efforts for PFOS. Specifically,
because of the important role that renal transporters play in the
TK behavior of PFOS during pregnancy, we included a data-
driven physiologically based description of renal reabsorption
and excretion pathways in the present model. Monte Carlo (MC)
simulations were also incorporated into the model to evaluate the
uncertainty and variability of parameters on PFOS dosimetry dur-
ing pregnancy and lactation. This model was then applied to pre-
dict internal dosimetry relevant to risk assessment for reducing
the uncertainty of extrapolation from animals to humans in the
derivation of acceptable exposure levels during gestation and lac-
tation. All model code and raw data, as well as detailed tutorials
on how to run different PBPK analyses, are provided in the
Supplemental Zipped file of the Supplemental Materials to enable
replication of our results and facilitate the application and extrap-
olation of this model to other PFAS chemicals.

Methods
Selected Experimental Studies

Animal experimental data. Four animal experimental studies
were available and used for model development and evaluation
(Table 1). In the first study (Thibodeaux et al. 2003), Sprague-
Dawley rats were orally administered 1, 2, 3, 5, or
10 mg/kg per day PFOS from gestational day (GD) 2 through
GD20. Blood samples were collected from the dams on GD7,
GD14, and GD21 for PFOS analysis. On GD21, the dams were
sacrificed and liver and blood samples were collected from both
dams and fetuses. The second study was a developmental neuro-
toxicity study (Chang et al. 2009). In that study, pregnant
Sprague-Dawley rats were given daily oral doses of PFOS at 0.1,
0.3, or 1 mg/kgper day from GDO (the day of confirmed mating)
through postnatal day (PND) 20. Blood and tissue samples from
dams and pups were collected on PND4, PND21, and PND72.
To determine the PFOS concentration in the blood and liver sam-
ples of pregnant rats and fetuses at the end of gestation, an addi-
tional group of pregnant rats were treated with 0.1, 0.3, or
1 mg/kgper day PFOS from GDO through GD19 and sacrificed
on GD20. The third study was a cross-foster and dose-response
study in the rat (Luebker et al. 2005b). Briefly, male and female
Sprague-Dawley rats were administrated by oral gavage with 0.1,
0.4, 0.8, 1, 1.2, 1.6, 2, or 3.2 mg/kgper day PFOS for 6 wk
before mating and during mating (maximum of 14 d) and subse-
quently the female rats were dosed continuously from GDO
to PND4. Serum and urine samples during pregnancy (GDI,
GD7, GD15, and GD21) were taken from the dams and fetuses
from the dose groups of 0.1, 0.4, 1.6, and 3.2 mg/kg per day,
whereas the blood samples during lactation (PNDS5) were
sampled from the dose groups of 0.4, 0.8, 1, 1.2, 1.6, and
2 mg/kgper day. The liver samples of dams and fetuses/pups
were obtained only at the end of gestation (GD21) from the dose
groups of 0.1, 0.4, 1.6, and 3.2 mg/kgper day and on PND5
from 0.4, 1.6, and 2 mg/kgper day dose groups. The fourth
study was a companion study of Luebker et al. (2005b) using the
dosing regimen of 0.1, 0.4, 1.6, and 3.2 mg/kg per day to con-
duct a two-generation reproduction and cross-foster experiment
(Luebker et al. 2005a). In that study, blood and liver samples
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Table 1. Summary of pharmacokinetic studies in rats and human biomonitoring studies used for calibration and evaluation of the PBPK model.

Reference/type of study Dose (mg/kg per day)/population Matrix (time for which the concentration was measured) Purpose
Sprague-Dawley rat
Thibodeaux et al. 2003 1,2,3,5, 10 MP (GD7, GD14, GD21), ML (GD21), FL (GD21) Calibration
Chang et al. 2009 0.1,0.3,1 MP (PND4, PND21, PND72), NP (PND4, PND21, PND72), Calibration
NL (PND4, PND21, PND72)
Chang et al. 2009 0.1,0.3, 1 MP (GD20), NP (GD20), ML (GD20), NL (GD20) Evaluation
Luebker et al. 2005b 0.1,04,08,1,1.2,1.6,2,3.2 MP (GD1, GD7, GD15, GD21, PND5), ML (GD21), NP Evaluation
(GD21, PNDS)
Luebker et al. 2005a 0.1,04,1.6,3.2 MP (PND21), ML (PND21), NL (PND21) Evaluation
Human biomonitoring
Gestational
Inoue et al. 2004a Japanese MP (GA39, GA40), CB (GA39, GA40) Calibration
Fei et al. 2007 Danish MP (GA12, GA40), CB (GA40) Calibration
Kato et al. 2014 American MP (GA16, GA39), CB (GA39) Calibration
Pan et al. 2017 Chinese MP (GA13, GA26, GA38), CB (GA39, GA40) Calibration
Mamsen et al. 2019 Sweden MP(GA9, GA25, GA37), Pla (GA9, GA25, GA37), FL Calibration
(GA9, GA25, GA37)
Midasch et al. 2007 German MP (GA39, GA40), CB (GA39, GA40) Calibration
Monroy et al. 2008 German MP (GA39, GA40), CB (GA39, GA40) Evaluation
Fromme et al. 2010 German MP (GA39, GA40), CB (GA39, GA40) Evaluation
Giitzkow et al. 2012 Norwegian MP (GA39, GA40), CB (GA39, GA40) Evaluation
Lee et al. 2013 South Korean MP (GA39, GA40), CB (GA39, GA40) Evaluation
Zhang et al. 2013b Chinese MP (GAL16, 39), CB (GA39), Pla (GA39) Evaluation
Cariou et al. 2015 French MP (GA39, GA40), CB (GA39, GA40), Milk (GA39) Evaluation
Yang et al. 2016 Chinese MP (GA39, GA40), CB (GA39, GA40) Evaluation
Chen et al. 2017 Chinese MP (GA39, GA40), CB (GA39, GA40), Pla (GA39, GA40) Evaluation
Mamsen et al. 2017 Danish MP (GA7), Pla (GA7), FO (GA7) Evaluation
Lactational
Kérrman et al. 2007 Swedish MP (3 wk postpartum), Milk (3 wk postpartum) Calibration
von Ehrenstein et al. 2009 American MP (6 wk and 13 wk postpartum) Calibration
Fromme et al. 2010 German MP (6 months postpartum), NP (6 months postpartum) Calibration
Lee et al. 2018 South Korean Milk (1, 2, 4, and 13 wk postpartum) Calibration
Kim et al. 2011 South Korean Milk (1 wk postpartum) Evaluation
Liu et al. 2011 Chinese MP (1 wk postpartum), Milk (1 wk postpartum) Evaluation

Note: All graphic pharmacokinetic data and human biomonitoring data were extracted from selected studies by using WebPlotDigitizer (version 4.10; https://automeris.io/
WebPlotDigitizer/). CB, cord blood; FL, fetal liver; FO, fetal organs; GA, gestational age by week; GD, gestational day; ML, maternal liver; MP, maternal plasma; NL, neonatal liver;
NP, neonatal plasma; PBPK, physiologically based pharmacokinetic; Pla, placenta; PND, postnatal day.

were taken from the dams on PND21, and only liver samples
were taken from pups on PND21.

Human biomonitoring data. Multiple human biomonitoring
studies with the maternal plasma, cord blood, milk, and fetal tissue
samples collected at different time points during gestation and lac-
tation from different countries were used for model calibration (Fei
et al. 2007; Fromme et al. 2009; Inoue et al. 2004a; Kdrrman et al.
2007; Kato et al. 2014; Lee et al. 2018; Mamsen et al. 2019;
Midasch et al. 2007; Pan et al. 2017; von Ehrenstein et al. 2009)
and evaluation (Cariou et al. 2015; Chen et al. 2017; Fromme et al.
2010; Giitzkow et al. 2012; Kim et al. 2011; Lee et al. 2013; Liu
et al. 2011; Mamsen et al. 2017; Monroy et al. 2008; Yang et al.
2016; Zhang et al. 2013b). Specifically, the studies of Midasch et al.
(2007), Mamsen et al. (2019), Kato et al. (2014), Inoue et al.
(2004a), Pan et al. (2017), and Fei et al. (2007) that reported PFOS
concentration data in maternal plasma and placental and fetal tis-
sues taken at different time points during pregnancy including first,
second, and third trimesters were used for model calibration in the
gestational model. For the lactational model, if the studies reported
PFOS concentrations in maternal plasma after delivery, cord blood
or neonatal plasma after birth, and monthly breast milk samples,
the data sets were included in the lactational model calibration
(Fromme et al. 2010; Kéarrman et al. 2007; Lee et al. 2018; von
Ehrenstein et al. 2009). Other studies with sparse data, such as one
or very few data points during pregnancy or lactation were used
for evaluation of the gestational (Cariou et al. 2015; Chen et al.
2017; Fromme et al. 2010; Giitzkow et al. 2012; Lee et al. 2013;
Mamsen et al. 2017; Monroy et al. 2008; Yang et al. 2016;
Zhang et al. 2013b) and lactational models (Kim et al. 2011; Liu
etal.2011).
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Overview. The published PBPK model for PFOS in adult male
rats and humans (Chou and Lin 2019) was used as a basis to
extrapolate to adult females (prepregnant) and then to other life
stages (i.e., gestation and lactation). Based on prior modeling
studies (Chou and Lin 2019; Worley et al. 2017; Worley and
Fisher 2015), a physiologically based description of basolateral
and apical transporters associated with renal reabsorption and
excretion was included in the prepregnant, gestational, and lac-
tational models. Because PFOS is very stable in the body and
the environment, metabolism was not included in our model;
this approach is consistent with earlier PBPK studies for PFOA
and PFOS (Loccisano et al. 2012a, 2012b, 2013; Worley et al.
2017; Worley and Fisher 2015). The equations below, along
with the parameter values in Table 2 and Tables S1-S6, specify
the PFOS PBPK model in rats and humans during gestation and
lactation. Key equations used in the PBPK model are described
below.

Uptake and elimination. After oral gavage, a two-compartment
gastrointestinal (GI) model was used to describe the process of
uptake of PFOS. In brief, PFOS enters the stomach via oral
administration and then enters the small intestine with gastric
emptying rate (GE; per hour). A first-order constant, KO (per
hour) was used to describe the uptake from stomach, whereas
the first-order rate constant Kabs (per hour) was used to
describe the uptake of PFOS in the small intestine (per hour).
After absorption, the PFOS is transported directly to the liver
from the GI tract through the portal vein. Equations describing
oral uptake are provided and explained below:
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Table 2. Chemical parameters for the gestational and lactational PBPK models for PFOS in rats and humans.

Rats Humans
Parameters Units Before pregnancy Pregnant Lactating  Before pregnancy Pregnant Lactating
Plasma protein binding
Free Unitless 0.09* 0.019” 0.0037° 0.014¢ 0.0027° 0.037”
Absorption
KOC 1/h per BW%? 14 1 1 19 19 14
KabsC 1/h per BW%? 2.12¢ 2.12¢ 2.12¢ 2.12¢ 2.12¢ 2.124
KunabsC 1/h per BW%? 7.05 x 107> 7.05x 1075 7.05x 1073 7.05%107¢ 7.05%107  7.05%x107¢
Partition coefficient
PL Unitless 3.66° 3.17% 2.72% 2.03¢ 2.03¢ 2.03¢
PK Unitless 0.80° 0.80° 0.80° 1.26" 1.26" 1.26"
PM Unitless 0.16° 0.16° 0.16° 0.16/ 0.16/ 0.16/
PF Unitless 0.13¢ 0.13¢ 0.13¢ 0.13 0.13 0.13
PPla Unitless — 0.41° — — 0.13° 0.41
PRest Unitless 0.26" 0.22¢ 0.03% 0.20" 0.20" 0.20"
Milk transfer and clearance
parameters
PMilkM Unitless — — 1.9¢ — — 1.9¢
PMilkP Unitless — — 0.11° — — 0.11%
PAMilkC Unitless — — 0.5 — — 0.0028"
KMilkO Unitless — — 0.28° 0.021
Placental transfer and amniotic
fluid transfer rate constant
Ktrans1C L/h per kg — 1.27° — — 0.79° —
Ktrans2C L/h per kg7 — 1¥ — — 1.12° —
Ktrans3C L/h per kg7 — 0.23° — — 0.006" —
Ktrans4C L/h per kg7 — 0.001¢ — — 0.001 —
Elimination
KbileC 1/h per BW%? 0.0026° 0.007” 0.0026° 0.00013¢ 0.00013¢ 0.00013¢
KurineC 1/h per BW%2 1.60° 1.60° 1.60° 0.096° 0.096° 0.096°
Renal reabsorption parameters
Vmax_baso_invitro pmol/mg protein/min 393.45%" 221° 393.45%" 479° 479° 479¢
Km_baso mg/mL 27.20" 19.9° 27.20" 20.14" 20.14" 20.14"
Vmax_apical_invitro pmol/mg protein/min 1,808 1,808 4,141° 51,803¢ 51,803¢ 51,803¢
Km_apical mg/mL 278° 278°¢ 278° 64.4¢ 248" 64.4¢
RAFapi Unitless 4.15° 4.15° 4.15° 0.001¢ 0.001¢ 0.525"
RAFbaso Unitless 1.90° 1.90° 1.90° 1 14 14
Kdif L/h 0.001¢ 0.001¢ 0.001¢ 0.001¢ 0.001¢ 0.001¢
KeffluxC 1/h per BW%% 2.09¢ 2.09¢ 2.09¢ 0.15¢ 0.015° 0.15¢
Fetal or neonatal parameters
Free_Fet/Free_neo Unitless — 0.022 0.022 — 0.0038° 0.014'
PL_Fet/PL_neo Unitless — 1.30° 2.55° — 0.58° 2.03'
PK_neo Unitless — — 0.80' — 1.26'
PRest_Fet/PRest_neo Unitless — 0.11° 0.22' — 2.3 0.2'
Vmax_baso_invitro_neo pmol/mg protein/min — — 393.45' — — 479"
Km_baso_neo mg/mL — — 27:2i — — 20. 1
Vmax_apical_invitro_neo pmol/mg protein/min — — 1,808’ — — 51,803'
Km_apical_neo mg/mL — — 278 — — 64.4'
KeffluxC_neo/ KeffluxC_p  1/h per BW%? — — 2.09° — — 0.15"
KbileC_neo/KbileC_pup 1/h per BW%> — — 0.0026° — — 0.00013
KurineC_neo/ KurineC_pup ~ 1/h per BW%% — — 1.6 — — 0.001
KabsC_pup/ KabsC_neo 1/h per BWO-» — — 2.12/ . — — 2.12° )
Kdif_pup/ Kdif_neo L/h — — 0.001° — — 0.001°

Note: BW, body weight; Free, free fraction of PFOS in maternal plasma; KOC, rate constant of absorption of PFOS in stomach; KabsC, rate constant of absorption of PFOS in small intestine; KbileC, bil-
iary elimination rate constant; Kdif, diffusion rate from proximal tubule cells (PTCs) to kidney serum; KeffluxC, rate constant of clearance of PFOS from PTCs into blood; Km_apical, Michaelis con-
stant (Km) of apical transporters; Km_apical_neo, Michaelis constant (Km) of apical transporters for the human neonate; Km_baso, Michaelis constant (Km) of basolateral transporters; Km_baso_neo,
Michaelis constant (Km) of basolateral transporters for the human neonate; KMilk0, zero-order milk suckling rate constant (for one individual pup); Ktrans1C, mother-to-fetus placental transfer rate
constant; Ktrans2C, fetus-to-mother placental transfer rate constant; Ktrans3C, fetus-to-amniotic fluid transfer rate constant; Ktrans4C, amniotic fluid-to-fetus transfer rate constant; KunabsC, rate con-
stant of unabsorbed PFOS dose to appear in feces; KurineC, urinary elimination rate constant; PAMilkC, permeability area cross product (mammary to milk); PBPK, physiologically based pharmacoki-
netic; PF, fat-to-plasma partition coefficient; PFOS, perfluorooctane sulfonate; PK, kidney-to-plasma partition coefficient; PK_neo, kidney-to-plasma partition coefficient for the human neonate; PL,
liver-to-plasma partition coefficient; PM, mammary gland-to-plasma partition coefficient; PMilkM, milk-to-mammary gland partition coefficient; PMilkP, milk-to-plasma partition coefficient; PPla,
placenta-to-plasma partition coefficient; PRest, rest of body-to-plasma partition coefficient; RAFapi, relative activity factor for apical transporters; RAFbaso, relative activity factor for basolateral trans-
porters; Vmax_apical_invitro, Vmax of apical transporters; Vmax_apical_invitro_neo, Vmax of apical transporters for the human neonate; Vmax_baso_invitro, Vmax of basolateral transporters;
Vmax_baso_invitro_neo, Vmax of basolateral transporters for the neonate. Free_Fet/Free_neo, free fraction of PFOS in fetal or neonatal plasma; KabsC_pup/KabsC_neo, rate constant of absorption of
PFOS in small intestine for the pup or neonate; KbileC_neo/KbileC_pup, biliary elimination rate constant for the neonate or pup; Kdif_pup/Kdif_neo, diffusion rate from PTCs to kidney serum for the
pup or neonate; KeffluxC_neo/ KeffluxC_P, rate constant of clearance of PFOS from PTCs into blood for the neonate or pup; KurineC_neo/ KurineC_pup, urinary elimination rate constant for the neo-
nate or pup; PL_Fet/PL_neo, liver-to-plasma partition coefficient for the fetus or neonate; PRest_Fet/PRest_neo, rest of body-to-plasma partition coetficient for the fetus or neonate.

“Worley and Fisher (2015).

These parameters were calibrated in the present study.

“Chou and Lin (2019).

4Worley et al. (2017).

“Loccisano et al. (2012a).

/Loccisano et al. (2013).

#Loccisano et al. (2012b).

"Nakagawa et al. (2008).

‘Fetal or neonatal parameter was assumed to be same as the dam or mother.
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RST= — KOX AST-GE x AST, (1)
RSI=GE x AST-Kabs X ASI-Kunabs x ASI,

RabsSI = Kabs x ASI,

where RST, RSI, and RabsSI are the rates of change in the
amount of PFOS (in milligrams per hour) in the stomach, small
intestine, and absorbed dose transported to the liver, respectively;
AST and ASI are the amount of PFOS in the stomach and small
intestine (in milligrams), respectively; and Kunabs is the rate
constant of unabsorbed PFOS to appear in the feces (per hour).
Kaurine, a first-order urinary elimination rate, was used to describe
the excretion of PFOS from the filtrate compartment via the urine.
Similarly, Kbile, a first-order biliary excretion rate, was used to
account for PFOS excreted into the feces via the bile. Equations
describing the urinary and fecal excretion processes are as follows:

Rurine = Kurine X AFil,

4)
(5)

where Rurine and Rfeces are the urine and fecal elimination rates

of PFOS (in milligrams per hour), respectively; AFil (in milli-
grams) is the amount of PFOS in the filtrate compartment; and
AL (in milligrams) is the amount of PFOS in the liver.

Transport in the kidney compartment. The kidney can be
described as a three-compartment model: a) proximal tubule
lumen/filtrate, b) PTCs, and c) the rest of the kidney. Passive and
active transport processes of PFOS in the kidney compartment
were described based on the equations reported from previous
studies (Chou and Lin 2019; Worley et al. 2017; Worley and
Fisher 2015) as explained below:

Rfeces = Kbile X AL + Kunabs x ASI,

RKb = QK x (CPlas —CVK) x Free-RCI-Rdif-RA _baso, 6)

RA baso = (Vmax_baso x CKb) /(Km_baso + CKb), (7

RA _apical = (Vmax_apical x Cfil) /(Km_apical + Cfil), (8)
Al

foosem pom—
Small

Proximal Tubule
Lumen/Filtrate

{_Urine >

Proximal
Tubule cells

Active
Transport

RPTC =Rdif + RA _apical + RA_baso —RAefflux, 9
d(AKDb)/dt =RKb, (10)

d(ACI)/dt=R(], (11)
d(APTC)/dt=RPTC, (12)

where RKb and RCI are the rates of change in the amount of
PFOS in kidney plasma and the clearance via the GFR (in milli-
grams per hour), respectively; Rdif is the diffusion rate from kid-
ney plasma to the PTCs (in milligrams per hour); RA_baso is the
rate of PFOS transport from the plasma to PTCs through basolat-
eral transporters (in milligrams per hour); RA_apical is the rate
of PFOS transport from the filtrate to PTCs through apical mem-
brane transporters (in milligrams per hour); Cfil is the concentra-
tion of PFOS in the filtrate compartment (mg/L); CKb is the
concentration of PFOS in the kidney plasma; RAefflux is the
efflux rate of PFOS from PTCs back into the systemic circulation
(in milligrams per hour). The transport rates of basolateral
(RA_baso) and apical transporters (RA_apical) were described
by Michaelis-Menten equations. The amounts of PFOS in the
kidney plasma (AKb) and PTCs (APTC) subcompartments, and
the clearance amount (ACI) via glomeruli were obtained by inte-
gration of the rate Equations 10-12.

Prepregnant PBPK model. The prepregnant female model
was composed of six compartments, including plasma, liver, fat,
mammary gland, kidney, and a lumped compartment representing
the rest of the body tissues (Figure 1A without the placenta and
fetus compartments). To parameterize the female rat and human
models, sex-specific physiological parameters (e.g., BW, cardiac
output (QC), the volume of mammary gland and fat, and glomer-
ular filtration rate) were applied in the model based on data from
the literature (Loccisano et al. 2012b; Worley et al. 2017; Worley
and Fisher 2015). All physiological parameter values in rats and
humans for different life stages (e.g., prepregnant adult, pregnant,
and lactating) are provided in Tables S1-S2. The prepregnant
human model was used to run a simulation for 30 y from birth to
30 years of age to achieve steady-state concentrations of PFOS in
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Figure 1. PBPK model structure for simulating PFOS exposure during (A) gestation and (B) lactation in rats and humans. (A1) and (B1) represent the maternal
model during gestational and lactational periods, respectively. (A2) and (B2) represent fetal and neonatal submodels that are connected to the maternal circula-
tion through the placenta and milk, respectively. In the gestational model, only the mother is exposed while the fetal exposure is via placental transfer. In the
lactational model, the mother is exposed to PFOS by oral intake and the neonate is exposed through milk. Note: IV, intravenous injection; PBPK, physiologi-

cally based pharmacokinetic; PFOS, perfluorooctane sulfonate.
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plasma and tissues that were then used as initial amounts in the
gestational model. In the prepregnant model, age-dependent
changes in BW from birth to 30 years of age were described
using the equation reported by Haddad et al. (2001) and the
dynamic changes of other physiological parameters were consid-
ered by scaling with the BW (refer to Equation 24 in the section
“Model Parameterization” for additional description of the age-
dependent changes in BW of prepregnant women). Given that the
growth functions of individual physiological parameters (i.e.,
organ weights) were not used, the present prepregnant model is a
simplified model. This simplified approach of an age-dependent
PBPK model is consistent with the approach used in the latest
guidance document for PFAS from the EFSA CONTAM Panel
(2020).

Gestational PBPK model. A consistent PBPK model structure
during gestation was used for both rats and humans (Figure 1A).
The gestational PBPK model was extended from the prepregnant
female model described above by adding the placenta and fetus
compartments. Thus, the gestational model was composed of
eight compartments, including plasma, liver, kidney, fat, mam-
mary gland, placenta, fetus, and the rest of the body. The fetus
submodel and its circulation were described as being separate
compartments from the maternal compartments. The fetus sub-
model included four compartments: plasma, liver, the rest of the
fetal tissues, and amniotic fluid.

In the fetus compartment, fetal exposure to PFOS is via pla-
cental transfer, and the excretion of PFOS is from the fetal
plasma to the placenta, and then back into the maternal circula-
tion. The transfer between the placenta and fetal plasma of free
PFOS was therefore described as a bidirectional diffusion process
with first-order rate constants (Ktrans1 and Ktrans2); the transfer
process between the rest of the fetal body and the amniotic fluid
compartment was also described with first-order diffusion rate
constants (Ktrans3 and Ktrans4) (Lin et al. 2013; Loccisano et al.
2012a, 2013; Yoon et al. 2009). The transfer processes between
the placenta and fetus during gestation are described with
Equations 13-20:

Rtrans1 = Ktrans1 x CVPla X Free, (13)
Rtrans2 = Ktrans2 x CPlas_Fet x Free, (14)
Rtrans3 = Ktrans3 X CVRest_Fet x Free_Fet, (15)
Rtrans4 = Ktrans4 X CAm, (16)
d(Atransl)/dt=Rtransl, (17)
d(Atrans2)/dt = Rtrans2, (18)
d(Atrans3) /dt = Rtrans3, (19)
d(Atrans4)/dt = Rtrans4, (20)

where the Rtrans1, Rtrans2, Rtrans3, and Rtrans4 are the rates of
transfer of PFOS from maternal plasma to fetal plasma via the
placenta, from the fetal plasma to maternal plasma via the pla-
centa, from the amniotic fluid to the rest of fetal body, and from
the rest of fetal body to the amniotic fluid (in milligrams per
hour), respectively; CVPla is the concentration of PFOS in the
maternal plasma compartment leaving the placenta (mg/L);
CPlas_Fet is the concentration of PFOS in the fetal plasma
(mg/L); CVRest_Fet is the concentration of PFOS in the plasma
leaving the rest of fetal body compartment (mg/L). CAm is the

Environmental Health Perspectives

037004-6

concentration of PFOS in the amniotic fluid compartment
(mg/L). Free and Free_Fet are the free fraction of PFOS in mater-
nal and fetal plasma, respectively. The amounts of PFOS for
transfer across the placenta (Atrans1 and Atrans2) or to and from
the amniotic fluid (Atrans3 and Atrans4) were obtained by inte-
gration of the rate Equations 17-20.

Lactational PBPK model. The PBPK model structure for
PFOS during lactation in rats and humans (Figure 1B) was simi-
lar to the gestational model without the placenta and with an
additional milk compartment, and the fetus submodel became the
pup/neonatal submodel. The pup/neonatal tissue compartments
were the same as those of the dam/maternal submodel, including
plasma, gut, liver, kidney, and the rest of the pup/neonatal body.
The pup/neonatal exposure to PFOS was only through the milk
compartment. Transfer of PFOS from the mammary tissue to the
milk compartment was described as a diffusion process with a
transfer rate (PAMilk) from mammary tissue to the milk and the
partition coefficient parameter between milk and the mammary
tissue (PMilkM). The milk production rate constant (KMilk) was
assumed to be equal to the infant suckling rate by the nursing
pups/neonates (assuming 100% intake by the pups/neonates with
no delay time between production and consumption). PFOS that
entered into the neonatal GI tract from the milk compartment was
directly absorbed into the liver with a first-order rate constant
(Kabs_neo). The renal reabsorption subcompartments in the neo-
nates were the same as the mother’s subcompartments including
the filtrate, PTCs, and rest of the kidney. The transfer processes
between the mammary tissue, milk and pups or neonates during
lactation were described with Equations 21-23:

RM = QM X (CPlas —CVM) x Free —PAMilk
x (CVM x Free —CMilk/PMilkM), (21)

RMilk = PAMilk x (CVM x Free —~CMilk/PMilkM)—Rtrans,
(22)

Rtrans = KMilk x CMilk, (23)

where the RM, RMilk, and Rtrans are rates of change in the
amount of PFOS in mammary tissues, milk compartment, and the
rate of transfer of PFOS from milk compartment to pup/neonate’s
GI tract (in milligrams per hour), respectively; CVM is the con-
centration of PFOS in the plasma leaving the mammary gland
compartment (mg/L); and CMilk is the concentration of PFOS in
the milk compartment.

Model Parameterization

The changes of physiological parameters during pregnancy and
lactation were based on previously published rat and human ges-
tational and lactational PBPK models (Lin et al. 2013; Loccisano
et al. 2012b, 2013; Yoon et al. 2009, 2011) and the recently pub-
lished empirical models for anatomical and physiological
changes in humans during gestation (Kapraun et al. 2019; Yang
et al. 2019). Equations for the physiological changes were added
to the model to account for the dynamic changes of fat, mammary
tissue, placenta, plasma volume, fetuses, and neonates. The phys-
iological and chemical-specific parameters are presented in Table
S2 and Table 2, respectively, and the growth equations are pro-
vided in Tables S3-S6.

Growth equations for physiological parameters. To consider
the physiological changes during gestation and lactation, growth
equations for physiological parameters were used in the PBPK
model. The duration of the gestational and lactational model was
modeled as about 16 months (40 wk for the gestational period
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plus 6 months postpartum up to the end of breastfeeding) in
humans and about 42 d (21 d for the gestational period plus 21 d
for the lactational period) in rats. Physiological parameters for
nonpregnant and nonlactating adult female rats and humans
(Loccisano et al. 2012b, 2013; Worley et al. 2017; Worley and
Fisher 2015; Yoon et al. 2011) were used as initial values for
pregnant females on GDO to simulate the gestational period. The
parameters for the fetus at the end of gestation were used as ini-
tial parameter values on PNDO to simulate the neonate. Maternal
parameters that are changing during pregnancy and the values at
the end of gestation were directly used at the begin of lactation.
Dynamic changes in maternal/fetal/neonatal organ/tissue vol-
umes, tissue growth, and blood flow rates during the gestational
and lactational period were described mathematically based on
existing models for rats and humans (Kapraun et al. 2019; Lin
et al. 2013; Loccisano et al. 2012b, 2013; Yoon et al. 2009,
2011). Values and equations for describing growth and changing
physiological parameters during pregnancy and lactation are pro-
vided in Tables S3-S6 along with the references.

Pregnant rats and fetuses. The growth equations of pregnant
rats and fetuses are provided in Table S3. Briefly, maternal BW
during gestation was estimated as the sum of the initial BW
(BWO) and the increased volumes of the placenta, mammary tis-
sue, fat and the growing fetal tissues based on previous studies
(Clewell et al. 2003; Lin et al. 2013; Loccisano et al. 2012b;
Yoon et al. 2009). Other tissues of dams including liver and kid-
ney remained constant fractions of BW during gestation. The QC
during gestation was calculated by multiplying the QC index
(QCI) by BW and [1-hematocrit (Htc)], whereas the initial QC
(QC_0) for GDO was calculated by multiplying initial QCI
(QCI_0) at GDO by BWO and (1 — Htc). The initial volumes of
fat and mammary tissues were calculated by multiplying the frac-
tion of volumes of fat and mammary and BWO (Brown et al.
1997; Lin et al. 2013; Loccisano et al. 2012b; Yoon et al. 2009).
The volume of fat (VF) and mammary tissues (VM) were
assumed to increase linearly with GD; the VF was increased
from 7% of BW to ~40% of BW, whereas the volume of mam-
mary tissues was increased from 1% to ~4% of BW by GD21
(Loccisano et al. 2012b; Rosso et al. 1981; Yoon et al. 2009).
The volume of placenta (VPla) for each fetus was assumed as the
sum of the yolk sac and chorioallantoic placenta, and the growth
and decay equation of each placenta was adopted from previous
studies (Clewell et al. 2003; O’Flaherty et al. 1992; Yoon et al.
2009). The volume of the rest of the body was calculated by sub-
tracting the sum of the volume of liver (VL), kidney (VK), VM,
VEF, VPla, amniotic fluid (VAm), and fetus (VFet). Plasma flow
to the mammary tissue (QM) and fat (QF) were proportional to
the respective tissue volumes and thus were described by multi-
plying the ratio between the volume during gestation (VM and
VF) and the initial volume (VMO and VFO). The data of changing
plasma flow to the pregnant rat kidney (QK) was adapted from
Conrad (1984) and was thus described as a polynomial equation
in the model. The fraction of QC to the placenta (QPla) was a
sum of blood flow changes to the yolk sac and chorioallantoic
placentas as described by previous studies (Clewell et al. 2003;
Lin et al. 2013; Loccisano et al. 2012b; O’Flaherty et al. 1992;
Yoon et al. 2009). Plasma flow to the rest of the body tissues
(QRest) was calculated by subtracting the sum of the plasma
flows to liver (QL), kidney (i.e., QK), fat (i.e., QF), mammary tis-
sue (i.e., QM), and placenta (i.e., QPla) from the total QC.

The fetus was assumed to be a single compartment for a
whole litter. Eight fetuses were assumed to be the average litter
size based on a previous study (Loccisano et al. 2012b).
Individual fetal BW growth (VFet_1) was modeled by a
Gompertz curve during gestational development based on fetal
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growth data adopted from Sikov and Thomas (1970) and
O’Flaherty et al. (1992), the main equation described by Yoon
et al. (2009). The weight of each fetus (VFet_1) was then multi-
plied by the number of fetuses in the litter in order to model the
growth of the whole litter (i.e., VFet). The data of changing VAm
was taken from previous studies (Clewell et al. 2008; Loccisano
et al. 2012b; Wykoff 1971), and the data points were described
by polynomial equations (listed in Table S3) in the model. The
fractional volume of fetal liver (VL_Fet) was adopted from the
data of Schneidereit (1985) (GD17-21), which were described as
a polynomial equation (listed in Table S3) in the model. The
VRest_Fet was calculated by subtracting the fetal plasma
(VPlas_Fet) and liver volume (VL_Fet) from the volume of the
fetus.

Lactating dams and nursing pups. The descriptions of the
physiological parameter changes during lactation were adopted
from previous studies (Lin et al. 2013; Loccisano et al. 2012b;
Yoon et al. 2009) and modified to be consistent with the study
design of PFOS and present model use (Table S4). The parameter
values on PNDO were matched with the values obtained on
GD22 from the gestational model in rats. The changes of the
dam’s BW were taken from the data of Shirley (1984) and were
described as a linear regression equation in the model. Initial lac-
tational BW (BWO in Table S4) was defined as the dam BW on
GD22 minus the weight of placenta, fetuses, and amniotic fluid.
The QCI on PNDO (QCI0) was based on data from nonpregnant
Sprague-Dawley rats (Dowell and Kauer 1997). The subsequent
changes of QCI during lactation were based on the data of Wistar
rats from the study of Hanwell and Linzell (1973) and were
incorporated into the model using a polynomial equation (listed
in Table S4). Blood flows to the mammary tissue (i.e., QM), liver
(i.e., QL), and kidney (i.e., QK) were also described as polyno-
mial equations based on the data of Wistar rats (Hanwell and
Linzell 1973). The VM, VF, VL, and VK as a fraction of BW
were described as polynomial equations based on the data of
Rosso et al. (1981), Hanwell and Linzell (1973), and Naismith
et al. (1982). The remaining body tissue volume was calculated
as the difference between the BW and the sum of the VL, VK,
VM, VF, and VPlas.

For nursing pups, the generalized Michaelis-Menten (GMM)
model was used to describe the increasing BW (BW_pup) and
increasing volumes of liver (VL_pup) and kidney (VK_pup) in
the growing pups based on the study of Mirfazaelian and Fisher
(2007). The initial BW (e.g., Wt0) and tissue volumes (e.g.,
Wt_LIVO for liver, Wt_KIDO for kidney) were assumed to be the
values on GD22 of the gestational model. The changing plasma
volume (VPlas_pup) and Htc (Htc_pup) of the growing pups
were taken from the data of Garcia (1957) and implemented in
the model using a polynomial function. The equation of QC in
the pup (QC_pup_i) was adopted from the method used by Yoon
et al. (2009), Loccisano et al. (2012b), and Lin et al. (2013), and
developed by Rodriguez et al. (2007). The fraction of QC going
to the liver (QLC_pup) and kidney (QKC_pup) was adapted from
the data of Stulcova (1977) and incorporated into the model using
polynomial equations. The milk compartment carries PFOS to
the pups with variable milk production rates. Based on the
method of Yoon et al. (2009), the milk production rate by the
dam was equal to the suckling rate by the nursing pups by assum-
ing 100% intake by the pups. Thus, the changes in milk suckling
rate constants per kilogram BW of the pups (KMilkC) during lac-
tation were described using a polynomial equation based on the
data of Hinderliter et al. (2005).

Prepregnant and pregnant women, and fetuses. In the pre-
pregnant model, only the age-dependent changes in BW from
birth to 30 years of age were considered in the model; then the
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dynamic changes of other physiological parameters were consid-
ered by scaling with the BW. The equation describing the age-
dependent BW for prepregnant women was collected from
Haddad et al. (2001):

BWiniia(2) = —2.561 x Age* 4+ 85.576 x Age® — 855.95 x Age®
+5,360.6 X Age + 4,428.5 (24)

where the BWijy;ia represents the calculated prepregnant women
BW. This equation can describe the dynamic changes of female
BW from birth to 18 years of age. By assuming that female BW
does not have large variations after 18 years of age, the BW from
19 to 30 years of age was assumed to be the same as the predicted
BW at 18 years of age (54 kg).

For the pregnant model, the descriptions of the physiological
parameter changes in pregnant women and fetuses were adopted
from the study of Kapraun et al. (2019) and modified to be con-
sistent with the use in present model (Table S5). The equation of
QC in humans during gestation was described as a cubic model.
The QC on gestational age (GA) 0 (QCO0) was based on data from
nonpregnant women. The QC was modified for plasma flow by
multiplying QC by 1-Htc. Similarly, the maternal GFR during
gestation was described as a quadratic model based on the data of
Abduljalil et al. (2012) and varied with GA (weeks). Because the
unit of the original equation for GFR was milliliters per minute,
the value of 0.06 was used to convert the unit milliliters per mi-
nute to liters per hour for model use. Based on the data of
Abduljalil et al. (2012), the equation of maternal Htc was
described as a quadratic model, as in Kapraun et al. (2019). The
equations describing the expanding mammary tissues (i.e., VM)
during pregnancy were adopted from Gentry et al. (2003). The
polynomial equations describing the changes of fat (i.e., VF),
plasma (i.e., VPlas), amniotic fluid (i.e., VAm), and placenta
(i.e., VPla) during gestation were adopted from Kapraun et al.
(2019) based on the data of Abduljalil et al. (2012). VL and VK
were assumed to remain constant fractions of the prepregnant
(nonpregnant) maternal BW (BWO0). The volume of the rest of
the body tissues (VRest) was calculated by subtracting the sum
of all other tissues from the total maternal BW. Increasing blood
flows to the fat (i.e., QF), mammary tissue (i.e., QM), and pla-
centa (i.e., QPla) were calculated by the method of Gentry et al.
(2003). The equations describing increased blood flows to the
liver (i.e., QL) and kidney (i.e., QK) were adopted from the
method of Kapraun et al. (2019). QRest was calculated by sub-
tracting the sum of the plasma flows to all other tissues from the
total QC.

The fetal growth parameters were described by the several
equations based on the studies of Gentry et al. (2003) and Kapraun
et al. (2019). The VFet was described as a Gompertz model from
the method of Kapraun et al. (2019). Given that the average den-
sity of a human fetus is approximately 1 g/mL throughout gesta-
tion, the volume of fetal tissues also represents the mass. Fetal QC
(QFet) was defined as a function of fetal blood volume and
adjusted by the fetal Htc (Htc_Fet) from the method of Clewell
et al. (1999). The equations describing the changes of Htc_Fet,
VL_Fet, and blood flow of fetal liver (QL_Fet) were adopted from
the method of Kapraun et al. (2019).

Lactating women and nursing neonates. The descriptions of
the physiological parameter changes in lactating women and
nursing neonates were adopted from the study of Yang et al.
(2019) and modified to be consistent with the use in the present
model (Table S6). The equation describing the decreased mater-
nal BW for up to 6 months postpartum was modeled as a polyno-
mial equation based on the data of Wosje and Kalkwarf (2004).
The changing fractional values of fat, as a percent of maternal
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BW (VFC), were modeled as a linear equation based on the data
of Wosje and Kalkwarf (2004). The VM during lactation was cal-
culated as an increased tissue volume from post-pregnancy to the
end of lactation (6 months postpartum) as described by previous
studies (Gentry et al. 2002; Yoon et al. 2011). Thus, the incre-
ment in the VM (expressed as a fraction of maternal BW) was
modeled as a polynomial equation based on the data used in
Yoon et al. (2011) and then was used to calculate VM in lactating
women. Decreasing plasma volume was described as a polyno-
mial equation based on the data of Salas et al. (2006). Volume of
the remaining maternal tissues was calculated as the total mater-
nal BW minus liver, kidney, mammary gland, fat, plasma, and
milk. The total QC during lactation was described as a sum of the
initial QC at term (QCO) plus the change of blood flow in mam-
mary tissues and fat during lactation. The changes of blood flows
in mammary tissues (i.e., QM) and fat (i.e., QF) were described
as proportional to their volume changes during lactation based on
the assumptions from Gentry et al. (2003) and Yoon et al. (2011).
Blood flow to the QRest was calculated by subtracting the sum of
the plasma flows to all other tissues from the total QC. The equa-
tion describing the change of the GFR after pregnancy was
described as a polynomial model based on the data from Sims
and Krantz (1958) and returned to the prepregnancy level at 6 wk
postpartum. KMilk was described as a polynomial equation based
on the data of Dewey et al. (1991), and the rates were assumed to
be equal to infant suckling rates.

For the physiological parameters in infants during lactation,
the equations describing the growth of QC (QC_neo), Htc
(Htc_neo), blood flow to kidney (QK_neo) and liver (QL_neo),
and the changes of neonatal liver (VL_neo) and kidney
(VK_neo) volumes were described as polynomial equations in
the model, as described in the study of Yang et al. (2019). The
volume of plasma (VPlas_neo) in neonates was described as a
polynomial equation based on the data of Yoon et al. (2011). BW
of the neonate (BW_neo) were described as a polynomial equa-
tion based on the data of a previous study (Clewell et al. 2004).

Chemical-specific parameters. The chemical-specific param-
eters used in the gestational and lactational model for PFOS are
given in Table 2, with additional definitions in Table S1. The pa-
rameters used in the rat and human gestational model were the
same as those used in the adult model (Chou and Lin 2019) with
the exception of selected sensitive parameters that were recali-
brated and optimized with the available animal experimental data
and human biomonitoring data in pregnant/lactating/fetal/neona-
tal rats and humans, which are explained in detail in the follow-
ing sections. The data sets used in the model calibration are listed
in Table 1.

Uptake and elimination. For the uptake and elimination rate
constants, because experimentally measured values of these pa-
rameters were not available in the pregnant/lactating rats/humans,
the values from the previously developed adult model (Chou and
Lin 2019) were retained in the present model for pregnant/lactat-
ing rats/humans (e.g., KOC, KabsC, KunabsC, KbileC, KurineC
listed in Table 2). Among these parameters, the parameter
KbileC in pregnant rat model was sensitive to selected model out-
puts, and was therefore recalibrated with available in vivo rat data
(Table 1).

Renal reabsorption in the kidney compartment. It is known
that renal organic anion transporters Oatplal and Oatl (Slc22a6)
or Oat3 (Slc22a8) are expressed on the apical and basolateral
membranes of PTCs (Buist and Klaassen 2004; Weaver et al.
2010). A complete description of how the renal reabsorption pa-
rameters were incorporated into the PBPK models for PFOA and
PFOS in different species has been reported in recent studies
(Chou and Lin 2019; Worley et al. 2017; Worley and Fisher
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2015). In brief, renal reabsorption was described by the
Michaelis-Menten equation, and the parameters included the
Vimax and Ky of basolateral (Vmax_basoC, Km_baso) and apical
transporters (Vmax_apicalC, Km_apical). These parameters were
derived from the in vitro studies and translated to in vivo values
by multiplying with a relative activity factor (RAFbaso and
RAFapi) and an estimated mass of PTCs (L) based on an esti-
mated 60 million PTCs/g kidney (Hsu et al. 2014). Due to a lack
of relevant data on these parameters for PFOS, all reabsorption
parameter values for PFOA were used as the initial values for
PFOS, and these values were then calibrated with available in vivo
rat studies or human biomonitoring data (Table 1).

Free fraction of PFOS in plasma. 1t is well known that
PFOA and PFOS are highly bound to plasma proteins (>90%)
such as albumin in rats, monkeys, and humans (Han et al. 2003).
Only the free fraction of PFOA or PFOS can freely circulate
throughout the body. This was accounted for in the PBPK model
using a free fraction constant (Free), which has been described in
previous studies for adult PFOA and PFOS PBPK models in rats,
monkeys, and humans (Chou and Lin 2019; Worley et al. 2017;
Worley and Fisher 2015). However, there was no detailed infor-
mation on PFOA or PFOS binding to plasma proteins during ges-
tation or lactation in rats and humans. Therefore, the same free
fraction constant in the adult model was used as initial value in
the gestational and lactational models for the free fraction in the
plasma of pregnant, fetal, and neonatal rats/humans (i.e., Free,
Free_Fet, and Free_neo), and then these parameters were further
calibrated with available animal studies and human biomonitor-
ing studies because they were identified as sensitive parameters
to key model outputs.

Tissue partitioning. Partition coefficients (PCs) for PFOS in
the kidney (PK), liver (PL), and rest of the body (PR) estimated
for the adult rat and human PBPK model from our previous study
(Chou and Lin 2019) were used in the gestational and lactational
model. The initial values of PCs for mammary tissue (PM), fat
(PF) and placenta (PPla) in the gestational and lactational PFOS
model were based on previous gestational and lactational PBPK
models for PFOS (Loccisano et al. 2012b, 2013), and then these
parameters were optimized by fitting to the calibrated data sets if
the PCs of certain tissues were sensitive to the model outputs of
interest (highlighted in bold in Table 2). Due to a lack of data on
fetal tissue-to-plasma PC for PFOS, these parameters were set to
the same values as in the adult model (Chou and Lin 2019).

Placental transfer. A simple diffusion model was used to
describe the process of transfer of PFOS across the placenta
between maternal and fetal plasma. In the rat model, the parame-
ters for transfer to and from the fetal plasma (KtranslC and
Ktrans2C) were obtained from a previous study (Loccisano et al.
2012b) that estimated these parameters by fitting the gestational
model to fetal liver and maternal plasma PFOS concentration
data from Thibodeaux et al. (2003) and Chang et al. (2009).
Parameters for transfer to and from the amniotic fluid (Ktrans3C
and Ktrans4C) were also obtained from the study by Loccisano
et al. (2012b), which estimated these parameters by using the
whole embryo/fetus and amniotic fluid concentration data for
PFOA from Hinderliter et al. (2005). All parameters for placental
transfer were scaled to fetal BW (BW®7?) because it has been
assumed that the transfer of nutrients and other substances across
the placenta would increase as gestation progresses (Lin et al.
2013; Loccisano et al. 2012b, 2013; Rosso 1975; Yoon et al.
2009). For the human model, due to a lack of data in humans, the
rates for the parameters of transfer to and from the fetal plasma
(Ktrans1C and Ktrans2C) and parameters for transfer to and from
the amniotic fluid (Ktrans3C and Ktrans4C) were assumed to be
equal to those estimated from the pregnant rat model in a
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previous study (Loccisano et al. 2012b). Similar to the rat model,
all parameters for placental transfer were scaled to fetal BW (i.e.,
BW%75). Placental transfer rate constants were sensitive to
selected model outputs in the pregnant rat and human model, and
thus were recalibrated with available in vivo rat and human bio-
monitoring data, as listed in Table 1.

Nursing pups/neonates. In the present study, the litter size was
assumed to be eight pups based on the assumption from a previous
lactational PBPK study (Loccisano et al. 2012b). There were no rel-
evant data on the nursing pups and neonates in the lactating rat and
human model, and thus most of the parameters were assumed to be
equal to those used in the pregnant or lactating rat/woman model.
For example, the uptake and elimination rate constants (e.g.,
KabsC_pup, KabsC_neo, KbileC_pup, KbileC_neo, KurineC_pup,
KurineC_neo), the parameters of PFOS binding to serum proteins
(Free_neo and Free_pup), the partition coefficients of tissues
(PL_neo, PK_neo, and PRest_neo) and the renal reabsorption
parameters of pups and neonates (Vmax_baso_invitro_neo,
Km_baso_neo, Vmax_apical_invitro_neo, Km_apical_neo,
KeffluxC_neo/KeffluxC_p, Kdif_pup/Kdif_neo) were assumed
to be the same as the values of pregnant or lactating rats/
women. The partition coefficients of liver (PL_neo) and rest of
the body (PRest_neo) for neonates in lactating rat and human
model were sensitive to the model output and thus were recali-
brated with available in vivo rat data and human biomonitoring
data listed in Table 1. All chemical-specific parameter values
of nursing pups/neonates are shown in Table 2.

Model Calibration

Preliminary sensitivity analysis. A preliminary sensitivity analy-
sis for the gestational and lactational PBPK model was performed
to select sensitive parameters to key model outputs before cali-
bration. The purpose was to compare and select sensitive model
parameters whose values were unknown to be included in subse-
quent calibration, starting with the likely sensitive parameters to
reduce the computational burden and improve the performance
quality. Once the sensitive parameters with unknown values were
selected, the Levenberg-Marquardt algorithm was used for model
calibration. The preliminary sensitivity analysis and subsequent
calibration were conducted using R package FME (Soetaert and
Petzoldt 2010).

Levenberg-Marquardt algorithm. Following initial model
parameterization, the model was further optimized using the
Levenberg-Marquardt nonlinear least-squares algorithm (Chou
and Lin 2019). In brief, highly sensitive parameters were selected
by using the sensitivity analysis method of the FME R package
(Soetaert and Petzoldt 2010) and these parameters 0 (estimated
parameters indicated in Table 2) were calibrated by comparing
the simulation results f(7;;,0) to the mean experimental concen-
tration values y;; at any time point i of the data set j. The
weighted and scaled residuals (Soetaert and Petzoldt 2010) and
least-squares function between the observed data and simulated
data were estimated using the following equation:

. 2
J(0) = argming Z [yl’l_f(tl”’e)] (25)
i

error;j X n;

where the error;j is a weighting factor that adjusts for the differ-
ent units or magnitudes from different data sets. The values of
error;j can be estimated from the standard deviation of measure-
ments. n; represents the number of data points for data set j and
can be used to scale the residuals to avoid the abundant data set
dominating the analysis. The model was fitted with all data sets
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simultaneously, and the J was estimated as the sum of squared
residuals for all data points in all data sets.

Calibration simulation. Simulations of the rat model for the
calibration data sets were performed based on the three different
dosing regimens as described in the four selected rat studies
above (Table 1). In the first study by Thibodeaux et al. (2003),
the pregnant rats were exposed to PFOS from GD2 to GD20 and
animals were sacrificed on GD21 to collect samples, and the
model was therefore run until GD21 to compare with the experi-
mental data. For the second scenario described by Chang et al.
(2009), the gestational model was used to simulate 22 d of gesta-
tion (i.e., to the end of gestation), and then the tissue amounts
were used as the initial values for the lactational model to con-
tinue the simulation during lactation. In the third scenario, based
on the study design of Luebker et al. (2005a, 2005b), the rats
were exposed to PFOS for 6 wk before mating/cohabitation plus
the additional 14 d allowed in the period of mating (total of
56 d); these simulations were conducted in the adult female
PFOS PBPK model. The tissue amounts of PFOS at the end of
this simulation period were used as initial values for the gesta-
tional model. The gestational model was then used to simulate
the gestational period, and again the tissue amounts of PFOS
at the end of the gestational period were used as the initial values
for the lactational model, which was simulated for 22 d.

The simulation of the human gestational PBPK model was
based on the simulation of the prepregnant female model for 30 y
from birth to 30 years of age to achieve the steady-state concen-
tration of PFOS as initial concentrations/amounts in the plasma
and tissues at the start of gestation. For the lactational model, the
tissue concentrations/amounts at delivery (at Week 39) were used
as initial values for the lactational model. Due to a lack of
detailed exposure information in the human population, the expo-
sure dose was based on the estimated doses from previous stud-
ies. Loccisano et al. (2013) predicted daily intake of PFOS for
pregnant and lactating women resulting from worldwide human
biomonitoring data. The estimated daily PFOS exposure for preg-
nant women were 1.2, 3.7, and 1.35 ng/kg per day deriving from
the Japanese (Inoue et al. 2004a), Danish (Fei et al. 2007), and
German (Midasch et al. 2007) populations, whereas the PFOS ex-
posure of 2.3, 2.25, 0.38, and 0.35ng/kgper day for lactating
women were estimated from Swedish (Kédrrman et al. 2007),
American (von Ehrenstein et al. 2009), German (Fromme et al.
2010), and South Korean populations (Kim et al. 2011), respec-
tively. The population-specific dose was used and input to the
stomach compartment in our model and the same dose level was
used before, during, and after pregnancy for the same study.

Model Evaluation

The performance of the PBPK model was evaluated by compar-
ing model simulations with experimental data. On the basis of
World Health Organization (WHO) PBPK guidelines (WHO
2010), we compared the predicted with the observed concentra-
tion—time kinetic profiles visually and calculated the predicted-
to-observed ratio for each observed time point to check whether
the predicted values were generally within a factor of 2 of the
observed values. The goodness of fit between log,-transformed
values of observed and predicted concentrations was further ana-
lyzed with the linear regression model, and adjusted R-square
coefficients (adj. R?) were calculated.

Sensitivity Analysis

A local sensitivity analysis was performed on the gestational and
lactational model for PFOS in rats and humans to estimate the influ-
ence of each parameter on the area under the curve (AUC) of
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maternal, fetal, and neonatal plasma. The influence of each parame-
ter on the maternal/fetal/neonatal plasma AUC was based on the
simulation results at the end of Week 39 of GA in humans, GD20
in rats, 6 months postpartum in humans, and PND20 in rats with an
assumed maternal exposure level of 0.19 ng/kg per day in humans
(Loccisano et al. 2013) and 0.1 mg/kg per day (Luebker et al.
2005b) in rats for both the gestational and lactational models. This
analysis was conducted by varying each parameter by 1% of the
original value and then examining the impact on the selected model
outputs by calculating the normalized sensitivity coefficient (NSC)
using the equation reported in our previous studies (Li et al. 2018;
Lin et al. 2011) as shown below:

A
NSC= (—r x i) (26)
r Ap

where r is the response variable; Ar is the change of the response
variable resulting from 1% increase in the parameter value; p is
the original value of the parameter of interest; and Ap is 1% of
the original value of the parameter. For growth function parame-
ters that describe the physiological changes during pregnancy
and lactation, a 1% increase in the parameter was described using
Equation 27, as shown below:

8new =8+ %0.01, 27

where g, is the growth equation with 1% increase; and g is the
original growth equation. This equation can allow for the parameter
value to increase by 1% of the original value during the entire simu-
lation. The results for sensitivity analysis are shown in Table S7.

Monte Carlo Analysis

MC simulation was incorporated into the gestational and lacta-
tional PBPK model in rats and humans to assess the effects of pa-
rameter uncertainty and interindividual variability on the model
outputs. The relatively sensitive parameters that were identified
from the local sensitivity analysis (described above) were ran-
domly sampled based on predefined probability distributions,
with the mean values (central tendencies) estimated from the
model calibration or based on experimental data. Based on previ-
ously reported methods of MC analysis in PBPK models
(Clewell et al. 2000; Li et al. 2017; Shankaran et al. 2013;
Sterner et al. 2013; Worley et al. 2017), normal distribution was
assumed for physiological parameters including BW, the fraction
of the volume of the liver (VLC), the glomerular filtration rate
constant (GFRC), and QC constant (QCC). A lognormal distribu-
tion was assumed for partition coefficients (PL, PRest, PL._pup),
placenta transfer rate constants (Ktrans1C and Ktrans2C), and
other chemical-specific parameters (Free, Free_Fet/neo, PMilkM,
and KMilkO are defined in Table S1 and Table 2). A default coef-
ficient of variation (CV) of 20% was assigned for partition coeffi-
cients, whereas a CV of 30% was assumed for other chemical-
specific parameters and physiological parameters. To ensure the
biological plausibility of the randomly selected parameters, the
distribution of each parameter was truncated at the 2.5th and
97.5th percentiles to represent the upper and lower bounds,
respectively, and listed in Tables S8—S9. For age-dependent pa-
rameters, the variation for growth equations is described below:

Variation of growth function; = Original value X Variability;,
where Variability; was randomly sampled from a normal distribu-

tion with a mean of 1.00 and a standard deviation of 0.2 (CV of
20% was assumed).
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To address the uncertainties and variabilities in our model
and due to a lack of detailed exposure information from different
human populations, the PFOS exposure doses were sampled from
a probabilistic uniform distribution based on the range of
0.19-4.4ng/kg per day PFOS intake estimated from a previous
study (Loccisano et al. 2013), and the simulated results were
compared with worldwide measurements of PFOS concentrations
in human populations from the model evaluation data sets (listed
in Table 1). Although a uniform distribution was assumed due to
limited data in this study, it is possible that the true variation in
exposure is not a uniform distribution, but additional data are
needed in order to fully characterize the exact distribution pattern
of exposure data.

The 30-y simulation from the prepregnant PBPK model was
also performed using a uniform distribution based on the expo-
sure dose range of 0.19-4.4ng/kgper day (Loccisano et al.
2013). To verify that the initial amounts for the gestational model
generated using the prepregnant model were reasonable, we com-
pared the predicted serum PFOS levels at steady-state from the
prepregnant PBPK model with the measured serum PFOS con-
centrations in the general U.S. woman population reported by
NHANES (CDC 2018). Because the calibration and evaluation
data sets of humans in this study were all published in or after
2004 (Table 1), the NHANES data sets from 2005 to 2018 were
used to compare with our simulation results.

Application of the Model for the Derivation of the HED

The validated PBPK model was used to simulate the exposure of
rats and humans to derive the HED based on the critical animal
studies (Butenhoff et al. 2009; Lau et al. 2003; Luebker et al.
2005a, 2005b) reported by the U.S. EPA (2016). In line with our
model design, only NOAEL values derived from the develop-
mental studies in rats were selected as the point of departure
(POD) for the derivation of HED using the gestational and lacta-
tional PBPK model and compared with the HED values pub-
lished by the U.S. EPA (2016). The NOAEL values from the
selected rat studies were derived based on the end points of
decreases of pup BW (Luebker et al. 2005a, 2005b), survival
(Lau et al. 2003), motor activity, and habituation (Butenhoff et al.
2009). In order to compare the results from the U.S. EPA report
and determine whether there is any potential impact of using the
adult TK model (Wambaugh et al. 2013) to derive the HED based
on developmental toxicity studies, we also derived the HED
using the same equation from the U.S. EPA (2016). In brief, the
PFOS AUC in maternal plasma was determined by the rat gesta-
tional and lactational PBPK models, and then the average serum
concentration (ASC) in rats was estimated using the equation
(ie., ASC [mg/L] = AUC,y [mg X h/L]/Exposure duration [h]) from
the U.S. EPA (2016). Subsequently, the ASC value was multiplied
by the clearance (CL) derived from human studies (Olsen et al.
2007) to estimate the HED. This U.S. EPA method required only the
gestational and lactational model in rats.

In addition, we applied another method to estimate HED
based on the gestational and lactational PBPK model in both rats
and humans (Andersen et al. 1999; Cheng et al. 2018; Chou and
Lin 2019; EFSA CEF Panel 2015; Lin et al. 2016). The HED val-
ues were derived by the serum AUC predicted by rat and human
gestational and lactational models to derive the AUC ratios
between rats and humans (e.g., AUCy/AUChyman). Next, the
HED values were estimated by the NOAEL values multiplied by
the ratio of AUCs. With the incorporation of MC simulation in
our gestational and lactational PBPK model, the median HED
values with the 95% confidence intervals were estimated and then
compared with the reported HED values from the U.S. EPA
(2016).
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Software

All model simulations were implemented in R (version 3.5.3; R
Development Core Team). The PBPK model was written under the
mrgsolve package in R (Elmokadem et al. 2019). Local sensitivity
analysis and Levenberg-Marquardt algorithm were implemented
in the R software package FME, which was developed particularly
for the nonlinear model. All model code is open-source and avail-
able in the Supplemental Zipped file of the Supplemental Materials
and in GitHub (https:/github.com/KSUICCM/PFOS-Ges-Lac).
Refer to Section 4, “Supplemental Zipped file, Supplemental Excel
file, instructions, and tutorials,” of the Supplemental Material
Word file for specific instructions on how to access the code. In
addition, the model code will be available on our website (https://
iccm.k-state.edu/) upon publication.

Results

Comparison of Model Predictions with Calibration Data Sets

Global evaluation of model goodness of fit. Following model
calibration, the model-predicted maternal and fetal/neonatal
plasma concentrations of PFOS in rats and humans during gesta-
tional and lactational periods were compared with measured data
in rats and human biomonitoring studies. The overall goodness-
of-fit plot between model predictions and observed data is shown
in Figure 2A. The variations of the predicted-to-observed ratios
for each of the observed data points are illustrated in Figure 2B.
Overall, the model predictions showed a very good agreement
with the available experimental data (adj. R?> was 0.98) and the
variations of predicted-to-observed ratios were, in general, within
a factor of 2, which met the WHO PBPK model precision criteria
(WHO 2010). Comparisons of the predicted time-varying kinetic
profiles of PFOS concentrations with the calibrated data for both
the rat and human models are shown in Figures S1-S3.

Sensitivity Analysis

The parameters with absolute values of normalized sensitivity
coefficients (NSCs) >0.3 on at least one of selected dose metrics
in both the gestational and lactational models in rats and humans
are shown in Table 3. The normalized sensitivity coefficients
(NSCs) for all parameters are presented in Table S7. For the rat
gestational model, the placental transfer rate constants (Ktrans1C
and Ktrans2C) had a relatively high influence on fetal plasma
AUC. The maternal BW, biliary elimination rate constant
(KbileC), partition coefficient of liver (PL), and VLC each had a
significant contribution to both maternal and fetal plasma AUCs
in rats. Similarly, in the human, placental transfer rate constants
and the free fraction of PFOS in fetal plasma (Free_Fet) had a
high impact on the fetal plasma AUC, whereas the maternal BW,
free fraction of PFOS in plasma (Free), QC, and blood flow to
kidney (QK_P) for mothers during pregnancy were also sensitive
parameters for both human maternal and fetal plasma AUCs. In
the rat lactational model, the parameters of maternal BW, the par-
tition coefficient of the liver (PL), and the fraction of VLC were
sensitive to both maternal and neonatal plasma AUCs. In addi-
tion, the distribution coefficient for milk-to-mammary gland
(PMilkM), the milk production parameters (KMilkC and
KMilkO0), the partition coefficient of the rest of the body in pups
(PRest_pup), and the free fraction of PFOS in maternal plasma
were highly sensitive to neonatal plasma AUC in rats. For the
human lactational model, the most sensitive parameters for the
neonatal plasma AUC were the transfer rate constant of mam-
mary tissue to milk (PAMilkC). Several parameters such as
maternal BW, free fraction of maternal plasma (Free), renal reab-
sorption parameter (KeffluxC), QC scalar (QCC), and the fraction
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Figure 2. Model calibration results. (A) represents a global evaluation of goodness of model fit between the model-predicted (y-axis) and the observed data (x-
axis). (B) represents a plot of the predicted-to-observed ratio vs. the model-predicted value. In (A), different symbol shapes are used for rat (triangle) and
human (circle) data. The solid blue diagonal line represents the unity line where the observed value and the predicted value are equal. In (B), the dashed line
represents a predicted-to-observed ratio of >2 or <0.5, and the solid blue line is the smoothed high-order polynomial curve. Adj. R? represents the adjusted
R-square value estimated by the linear regression model. The corresponding numeric data of this figure are available in the “Excel Figure 2” tab of the

Supplemental Material Excel file.

of blood flow to kidney (QKC) had a great impact on both mater-
nal and neonatal plasma AUCs.

Comparison of Model Predictions with Evaluation Data Sets

Rat data. Model simulations of maternal plasma, liver, and fe-
tal/neonatal concentrations of PFOS were compared with the
measured data from the studies by Luebker et al. (2005a,
2005b) and Chang et al. (2009) (Figure 3 and Table 4). The
simulated PFOS concentrations in maternal and neonatal
plasma in comparison with the experimental data (Luebker et al.
2005a, 2005b) resulting from 0.1, 0.4, and 0.8 mg/kg per day
doses to the dam are shown in Figure 3. The predictions were in
good agreement with the experimental data for both the mater-
nal and neonatal plasma during gestation and lactation. The
comparisons of model predictions with measured maternal
plasma, maternal liver, fetal, and neonatal plasma concentra-
tions of PFOS on GD20, GD21, PNDS5, and PND21 at different
dose levels (0.1, 0.3, 0.4, 1, 1.6, and 3.2 mg/kgper day)
(Chang et al. 2009; Luebker et al. 2005a, 2005b) are shown in
Table 4. Overall, there was a very good agreement between pre-
dicted and observed data (within a 2-fold range of the experi-
mental data) for the majority of the maternal and fetal plasma/
tissue data points across dose groups, except an underestimation
(~ 3-fold difference from experimental data) of the fetal plasma
on GD21 at dose levels of 0.1, 0.4, and 3.2 mg/kg per day and
the overestimation of maternal liver at the 1.6 mg/kgper day
dose group on PND5.

Human biomonitoring data. The comparisons of the pre-
dicted PFOS concentrations from the prepregnant PBPK model
after a 30-y simulation with the measured levels in the U.S.
woman population reported by NHANES from 2005 to 2014
(CDC 2018) are shown in Figure S4. The results showed that the
predicted serum PFOS concentrations (median: 7.43ng/mL)
were within a 2-fold difference of the observed median levels in
the U.S. woman population (14.4, 10.7, 7.65, 5.1, and
3.96ng/mL reported in 2005-2006, 2007-2008, 2009-2010,
2011-2012, 2013-2014 NHANES data sets, respectively)
(Figure S4). Figure 4A describes the trend of predicted PFOS
levels in maternal and fetal/neonatal plasma following 30 y of
prepregnant PFOS exposure, and then exposure during gestation
and lactation at an environmentally relevant exposure level of
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0.19ng/kgper day (Loccisano et al. 2013). As pregnancy pro-
gresses, the plasma PFOS levels in the mother and fetus were
decreased and then were increased at the time of delivery. Upon
delivery, the mother’s predicted PFOS plasma concentrations
were increased because the plasma volume contraction in the
mother occurs immediately after giving birth. The predicted neo-
natal PFOS concentrations in plasma were increased during lacta-
tion (the first 6 months of the breastfeeding period), reached a
level close to the maternal level at the end of lactation, and then
the modeled PFOS concentrations were decreased after breast-
feeding ended. Figure 4B shows the predicted PFOS concentra-
tions in milk slowly increased to the end of breastfeeding (25 wk
postpartum).

Figure 5 shows a histogram of model simulations compared with
global measurements of PFOS concentrations in maternal plasma, fe-
tal plasma, and milk from different studies involving a variety of
human populations. By varying relevant physiological parameters
and with the optimized parameters, the human PBPK model gener-
ated a population (1,000 individuals) simulation of PFOS concentra-
tions in maternal, fetal plasma, and milk, which were compared with
available biomonitoring data based on the possible exposure scenar-
ios and doses (ranging from 0.19 to 4.4 ng/kg per day) obtained
from the literature (Loccisano et al. 2013). The median values
(5.68 ng/mL for maternal plasma, 2.23 ng/mL for fetal plasma,
and 0.119ng/mL for milk) and ranges of model prediction
(2.93-9.73 ng/mL for maternal plasma, 0.80-5.30 ng/mL for fetal
plasma, and 0.08-0.178 ng/mL for milk) were quite close to the val-
ues reported in the literature [median: 5.6 (range: 3.5-15.8) ng/mL
for maternal plasma, 2.4 (range: 1.2-7.2) ng/mL for fetal plasma,
and median 0.10 (range: 0.04-0.10) ng/mL for milk] (Cariou et al.
2015; Chen et al. 2017; Fromme et al. 2010; Giitzkow et al. 2012; Lee
et al. 2013; Liu et al. 2011; Mamsen et al. 2017; Midasch et al. 2007;
Monroy et al. 2008; Yang et al. 2016; Zhang et al. 2013b).

Model Application to Predict the HED

Table 5 compares the human equivalent dose (HED) values for
the selected critical developmental toxicity studies in rats
from the current U.S EPA guidance (U.S. EPA 2016) with the
HED values derived in the present study. In this study,
the HED values were derived using reverse dosimetry with the
gestational and lactational PBPK models coupled with MC
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Table 3. Normalized sensitivity coefficients (NSCs) of relatively sensitive parameters on the area under curves (AUCs) for concentrations of PFOS in mater-
nal, fetal, and neonatal plasma for rats and humans during gestation and lactation.

Parameter Maternal NSCs Fetal or neonatal NSCs
Rat gestation
Maternal body weight (BW) —0.83 —0.82
Biliary elimination rate constant (KbileC) —0.45 —-0.47
Mother-to-fetus placental transfer rate constant (Ktrans1C) <0.3 0.87
Fetus-to-mother placental transfer rate constant (Ktrans2C) <0.3 -0.82
Liver-to-plasma (PL) PC —-0.63 —-0.64
Fraction of liver tissue (VLC) -0.62 -0.63
Rat lactation
Maternal BW —0.66 —0.64
Free fraction in maternal plasma (Free) —-0.28 0.77
Free fraction in plasma for rat pups (Free_pup) <0.3 —-0.31
Zero-order milk suckling rate constant for one individual pup (KMilk0O) <0.3 0.51
Milk suckling rate constant (KMilkC) <0.3 0.50
Liver-to-plasma (PL) PC -0.59 —0.61
Liver-to-plasma for rat pups (PL_pup) PC <0.3 —0.31
Milk-to-mammary gland (PMilkM) PC <0.3 0.50
Rest of body-to-plasma for rat pups (PRest_pup) PC <0.3 —0.44
Fraction of VLC —-0.58 —0.61
Human gestation
Maternal BW —0.76 —0.75
Free —0.59 0.41
Free fraction in fetal plasma (Free_Fet) <0.3 —0.82
Rate constant of clearance from PTCs to blood (KeffluxC) 0.50 <0.3
Mother-to-fetus placental transfer rate constant (Ktrans1C) <0.3 0.98
Fetus-to-mother placental transfer rate constant (Ktrans2C) <0.3 -0.74
Cardiac output (QC) -0.52 -0.51
CO scalar (QCC) -0.38 <0.3
Maternal blood flows of kidney during pregnancy (QK_P) -0.52 -0.53
Maternal BW —0.76 —0.75
Human lactation
Maternal BW —0.55 —0.57
Neonatal BW (BW_neo) <0.3 -0.43
Free —0.50 0.50
Free fraction in neonatal plasma (Free_neo) <0.3 —0.31
Mother KeffluxC 0.54 0.54
Neonate KeffluxC (KeffluxC_neo) <0.3 0.34
Permeability area cross product from mammary to milk (PAMilkC) <0.3 0.83
Rest of body-to-plasma PC for the neonate (PRest_neo) <0.3 —0.34
QcCcC -0.47 —0.45
Fractional blood flow to kidney (QKC) -0.47 —-0.46
Fraction of kidney tissue (VKC) <0.3 —0.48

Note: Only parameters with NSC >0.3 on at least one of the maternal, fetal, and neonatal plasma AUCs are shown in this table. The maternal/fetal/neonatal plasma AUCs were calcu-
lated based on the simulation results at 39 wk of gestational age in humans, 20 d of gestational days in rats, 6 months postpartum in humans, and PND20 in rats with an assumed mater-
nal exposure dose of 0.19 ng/kg per day in humans (Loccisano et al. 2013) and 0.1 mg/kg per day in rats (Luebker et al. 2005b) for both the gestational and lactational models. PC,
partition coefficient; PFOS, perfluorooctane sulfonate; PND, postnatal day; PTCs, proximal tubule cells.
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Figure 3. Model evaluation results in rats. Comparisons of the model-predicted vs. the observed PFOS levels (mean + SD) in maternal plasma during (A) ges-
tation [maternal dose was 0.1 mg/kgper day as an example; data collected from Luebker et al. (2005a)] and (B) lactation [maternal dose was
0.4 mg/kg per day as an example; data collected from Luebker et al. (2005a)]; and (C) pup plasma in rats [maternal dose was 0.8 mg/kg per day as an exam-
ple; data collected from Luebker et al. (2005b)]. The corresponding numeric data of this figure are available in the “Excel Figure 3” tab of the Supplemental
Material Excel file. Note: PFOS, perfluorooctane sulfonate; SD, standard deviation.
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Table 4. Model-predicted and measured concentration of PFOS in maternal plasma, maternal liver, fetal/neonatal plasma, and fetal/neonatal liver at the end of
gestation (GD21), early (PNDS), and later lactation (PND21) periods.

Gestation (GD20)" Gestation (GD21)" Lactation (PND5)” Lactation (PND21)“
Tissue Simulated ~ Experimental Simulated ~ Experimental  Simulated = Experimental Simulated Experimental
0.1 mg/kg per day
Maternal plasma (mg/L) 28340847 1724006 323x+1.019 452+1.15 8.10+2.13 — 557+1.619 528+0.36
Maternal liver (ug/g) 8.48+241¢9 8354034 1184281 209+105 22.1+5.84 — 15.6 +4.44° 1484171
Fetal/neonatal plasma (mg/L)  2.34+0.75Y  3.91+0.09  2.84+0.88 9.08+1.15 2.56+1.02 — 1.53+0.57 —
Fetal/neonatal liver (ng/g) ~ 4.49+1.517 3214022  8.34+2.68 7.92+153 6.80+2.92 — 3.97+1.57  6.19+0.88
0.3 mg/kg per day
Maternal plasma (mg/L) 849+2.52¢  625+090  9.69+3.00 — 243 +6.41 — 16.7+4.86 —
Maternal Liver (ug/g) 25.5+7207 21.73+0.72  29.1+8.41 — 66.2+17.5 — 46.7+13.3 —
Fetal/neonatal plasma (mg/L) 7.03 + 2259 10.45+0.29 8.54 +2.64 — 7.67+3.01 — 459+1.72 —
Fetal/neonatal liver (ug/g) 13.5+4.52 581+024 25.0+8.03 — 20.4+8.76 — 11.9+4.72 —
0.4 mg/kg per day
Maternal plasma (mg/L) 11.3+3.36 — 129+4.00°  20.0+16.1 32.4+8.557 27.2+20 223+6.48 189+13
Maternal Liver (ug/g) 33.9+9.60 — 42241127 825+227 88.3+234%Y 479+1.15 623+17.8¢ 58 +6.73
Fetal/neonatal plasma (mg/L)  9.37 +6.03 — 11.1+5.16 30.6+12 18.6+4.087  36.2+5 6.12+2.29 —
Fetal/neonatal liver (ug/g) 17.3+6.75 — 333+£13.2 — 37.9+11.79  73.4+30 35946299 57.6+6.72
1 mg/kgper day
Maternal plasma (mg/L) 28.4+8.407 26.63+3.94 32.6+8.61 — 81.1+21.49 5234254 55.8+16.2 —
Maternal Liver (ug/g) 84.9+23.97 48.88+72.73 96.9+28.0 — 220 +58.4 — 155.9+44.5 —
Fetal/neonatal plasma (mg/L) 23.4+7.52¢ 31.46+1.03 28.5+8.81 — 45541227 8444263 153+5.72 —
Fetal/neonatal liver (ug/g) 449+15.1 20.03+2.02 83.3+26.7 — 67.7+29.1 — 39.6+15.1 —
1.6 mg/kg per day
Maternal plasma (mg/L) 453+134 — 51741597 61.8+16.5  129+343¢ 16931 89.4+26.0¢  82+17.5
Maternal Liver (ug/g) 135+38.4 — 154 +44.8¢ 233433 353+93.6 110+ 10 249+71.3 —
Fetal/neonatal plasma (mg/L) 37.5+12.0 — 455+14.19  86.5+15 40.6 +16.1 — 243+9.11 —
Fetal/neonatal liver (ug/g) 71.9+24.1 — 133 +£42.7 — 138 +46.37  274+130 7342517 704+145
3.2 mg/kg per day
Maternal plasma (mg/L) 90.6 £26.9 — 103 +31.3¢ 155+£39.3 259+ 68 — 179 +£52.2 —
Maternal Liver (ug/g) 271+76.6 — 309 +89.7¢ 517+142 707 + 187 — 501 +143 —
Fetal/neonatal plasma (mg/L) 75.6+23.3 — 91.1+28.1 230+24 80.5+32.1 — 48.3+18.2 —
Fetal/neonatal liver (ug/g)) 143 +48.2 — 266+85.3 — 214 +91.5 — 125+49.6 —
Note: —, value not available in the experimental study; GD, gestational day; PFOS, perfluorooctane sulfonate; PND, postnatal day; SD, standard deviation.

“Sprague-Dawley rats were exposed to PFOS (0.1, 0.3, and 1.0 mg/kg) by daily oral gavage from gestational day (GD) 0 (day positive for mating) through GD19 and sacrificed on
GD20 (Chang et al. 2009). Measured and simulated values are expressed as means + SD.

b Sprague-Dawley rats were exposed to PFOS (0.1, 0.4, 0.8, 1, 1.2, 1.6, 2, or 3.2 mg/kg) by daily oral gavage from 6 wk prior to mating and during mating (maximum of 14 d) to
PND4 (total of 82 d), and then concentrations were determined on PND5 (Luebker et al. 2005b). Serum and urine samples during gestation (GD1, GD7, GD15, and GD21) were taken
from the dams and fetuses from the dose groups of 0.1, 0.4, 1.6, and 3.2 mg/kg per day, and the serum samples during lactation (PND5) were sampled on the dose groups of 0.4, 0.8,
1, 1.2, 1.6, and 2 mg/kgper day. The liver samples of dams and fetuses/pups were obtained only at the end of gestation (GD21) from the dose groups of 0.1, 0.4, 1.6, and
3.2 mg/kg per day and on PND5 from the 0.4, 1.6, and 2 mg/kg per day dose groups. Only data from commonly used dose groups and commonly sampled time points are presented.
“Sprague-Dawley rats were exposed to PFOS (0.1, 0.4, 1.6, 3.2 mg/kg) by daily oral gavage from 6 wk prior to mating and during mating (maximum of 14 d) to postnatal day PND20
(total of 98 d), and then concentrations were determined on PND21 (Luebker et al. 2005a).

“Simulated values are within a 2-fold range of the experimentally-measured values.

simulations. The fifth percentile of estimated HED based on lower than the U.S. EPA guideline values derived from the
the ASC approach (i.e., Method 1 in Table 5) and incorporated same rat studies. When using the AUC method (Method 2 in
with our gestational and lactational model in rats ranged from Table 5), the fifth percentile of estimated HED levels ranged
0.08 to 0.91 pg/kgper day, which were about 1.5- to 8-fold from 0.19 to 1.09 png/kg per day, which were also lower than
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Figure 4. Model evaluation results in humans. General trends of model predictions for PFOS concentrations during gestation and lactation in humans (maternal
dose was 0.19ng/kg per day for these simulations; the assumed dose was collected from Loccisano et al. 2013). (A) Model-predicted PFOS levels in maternal
plasma, cord blood, neonatal plasma, and (B) milk during gestation and lactation in humans. The corresponding numeric data of this figure are available in the
“Excel Figure 4” tab of the Supplemental Material Excel file. Note: PFOS, perfluorooctane sulfonate.
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Figure 5. Histogram of model simulations compared with measured values of PFOS concentrations (mean + SD) in maternal plasma (circle), cord blood (dia-
mond), and breast milk (square) from different studies using different human populations from all over the world. The dose range for the simulation was
0.19-4.4 ng/kg per day. Note that the units for maternal plasma and cord blood (ng/mL) vs. milk (100 X ng/mL) data are 100-fold different, so that the data
can be presented on a similar scale in the same figure. The corresponding numeric data of this figure are available in the “Excel Figure 57 tab of the
Supplemental Material Excel file. Note: PFOS, perfluorooctane sulfonate; SD, standard deviation.

the values (0.51 to 1.6 pg/kgper day) from the U.S. EPA values from the U.S. EPA report depending on the method used.
(2016). This model can be used to aid in the risk assessment of PFOS in
sensitive subpopulations, such as pregnant women, fetuses, and
infants; this model also serves as a basis for extrapolating to other
PFAS chemicals to support the risk assessment of this important
family of environmental contaminants.

Discussion

The present gestational and lactational PBPK model successfully
simulated PFOS disposition and kinetics during pregnant and lac-
tating periods in both rats and humans. Dynamic changes of ) )
physiological parameters during gestation and lactation that may Gestational and Lactational PBPK Model for PFOS

affect the kinetics and placental/lactational transfer of PFOS were Several gestational and lactational PBPK models for PFOA and
described in this model. Based upon past modeling efforts, a PFOS have been published (Brochot et al. 2019; Loccisano et al.
physiologically based description of transporter-mediated renal 2012a, 2013; Verner et al. 2015), and most of these models were
reabsorption and excretion of PFOS was first included in the developed based on the basic PBPK model from Loccisano et al.
present gestational and lactational PBPK model. Uncertainty and (2012a) (a summary comparing features of our model with exist-
variability of the sensitive and estimated parameters were ing PFOA and PFOS PBPK models is presented in Table S10
accounted for using MC simulation. The final PBPK model was and Section 1, “Summary of existing PBPK models for PFOA
applied to derive HEDs based on selected critical developmental and PFOS,” of the Supplemental Material Word file). These ear-
toxicity studies from the U.S. EPA report (U.S. EPA 2016), and lier models have already included the dynamic changes of physi-
the derived HED values were either similar to or lower than the ological parameters in women during pregnancy and lactation as

Table 5. Comparison of the derived average serum concentration (ASC) and human equivalent dose (HED) and 95% confidence interval from the rat and
human models with the values from U.S. EPA guidance.

Dosing NOAEL ASC* (mg/L) HED (pg/kg per day)
References Species/critical effects  duration (days) (mg/kg/day) U.S. EPA This study U.S. EPA Method 1” Method 2¢
Luebker et al. 2005a  Rat (decreased pup BW) 98 0.1 6.26 1.57 (0.97, 2.48) 0.51 0.13(0.08, 0.20) 0.37 (0.19, 0.67)
Luebker et al. 2005b Rat (decreased maternal 78 0.4 19.9 4.56 (2.67, 9.69) 1.6 0.37 (0.22,0.78) 1.79 (0.91, 4.64)
BW, gestation length,
and pup survival)
Butenhoff et al. 2009 Rat (decreased pup motor 41 0.3 10.4 9.91 (6.29, 15.8) 0.84 0.80 (0.51, 1.28) 1.21 (0.64, 2.07)
activity and
habituation)
Lau et al. 2003 Rat (decreased pup sur- 20 1.0 17.5 19.06 (11.3,41.2) 1.4 1.54 (0.91, 3.34) 2.15(1.09, 4.96)

vival and BW)

Note: AUC, area under the curve; BW, body weight; CL, clearance; EPA, Environmental Protection Agency; NOAEL, no observed adverse effect level.

“ASC represents the average serum concentration at the NOAEL exposure level for rat. ASC (mg/L) = AUCserym (mg/L X h) < (Exposure duration [h]).

PHED (ug/kg per day) was estimated based on the average serum concentration (mg/L) x CL (L/kg per day) X 1,000, where CL =0.000081 (L/kg per day) (U.S. EPA 2016).
“This study estimated HED by the NOAEL multiplied by the ratios of serum area under between rats and humans (e.g., AUC,y /AUChuman)-
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well as the development of the fetus and neonate, and underlined
the importance of renal elimination mechanisms during preg-
nancy and lactation through a single transporter describing
Oatplal uptake of PFOA and PFOS, but these models have not
accounted for transporter-mediated renal excretion. Given the im-
portant role that renal elimination mechanisms (i.e., the excretion
via GFR and reabsorption/excretion via transporters) play in the
TK behavior of PFOS during gestation and lactation, incorpora-
tion of a physiologically based description of transporter-
mediated reabsorption and excretion may potentially increase the
physiological relevance of the present model compared with
existing models. Our results demonstrated that the renal reabsorp-
tion/excretion governed by transporters influenced the model out-
puts in humans and supported the findings that this process might
be critical drivers to affect the serum PFOS concentrations during
gestation and lactation (Loccisano et al. 2013). In addition, key
chemical-specific parameters and the known mechanisms that
determine the TK of PFOS (e.g., renal reabsorption/excretion)
were included in the present model, and all uncertain chemical
parameter values were optimized by fitting to multiple data sets
simultaneously. These efforts allowed us to simulate PFOS TK
behavior appropriately during gestation and lactation, and the
final model was able to adequately simulate observed data in
multiple animal (Chang et al. 2009; Luebker et al. 2005a, 2005b)
and human biomonitoring studies (Cariou et al. 2015; Chen et al.
2017; Fromme et al. 2010; Giitzkow et al. 2012; Kim et al. 2011;
Lee et al. 2013; Liu et al. 2011; Mamsen et al. 2017; Monroy et al.
2008; Yang et al. 2016; Zhang et al. 2013b).

Sensitivity Analysis

Sensitivity analysis is a useful approach to provide a quantitative
comparison of the influences of different parameters on the model
predictions during different life stages. Our results showed that
the sensitivities of most parameters were quite similar between
the rat and human models during gestation. The most sensitive
parameters to fetal exposure were the bidirectional placental
transfer rate constants (Ktrans1C and Ktrans2C) for both rats and
humans. These parameters determine how much and how quickly
PFOS could be transferred from the mother to the fetus (or back
to the mother from the fetus). Similarly, previous studies also
identified the placental transfer rate constants as the key determi-
nant of fetal exposure to PFOS in rats (Loccisano et al. 2012b)
and humans (Brochot et al. 2019; Loccisano et al. 2013). The
mammary-to-milk permeability rate constant (PAMIilkC) specific
to the lactational model also had a great impact on the neonatal
plasma in humans. The PAMIilkC determines how much PFOS
could be transferred from the mammary gland to breast milk.
This result was in agreement with the observations from epidemi-
ological studies that showed milk was a major excretion route of
PFOS for the mother and an important exposure source for the
infant (Mondal et al. 2014; Thomsen et al. 2010). For the renal
reabsorption/excretion parameters, the clearance rate of PFOS
from PTCs to blood (KeffluxC) was highly sensitive to plasma
AUC for the mother and fetus/neonate in the human gestational
and lactational model. These results indicate that the renal excre-
tion parameter is important and should be considered in the
model simulation for PFOS, especially for the gestational and
lactational periods for humans. In addition, several physiological
parameters were also sensitive in the human gestational and lacta-
tional model including the maternal BW, QC, and blood flow of
the kidney (i.e., QK).

In the present study, multiple parameters, such as those
related to renal transport, oral absorption, and biliary excretion
had to be mathematically optimized because of a lack of experi-
mental data that directly inform them, that is, these parameters
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are not well identified. To decrease uncertainty of these parame-
ters, we optimized these unknown parameters by fitting to all
available calibration data sets simultaneously (i.e., global optimi-
zation) with the starting values of these parameters derived from
earlier models for the same chemical PFOS (Loccisano et al.
2012a, 2013) or a structurally similar chemical PFOA (Worley
et al. 2017; Worley and Fisher 2015), that is, the starting values
of these parameters were tested and verified in earlier studies and
thus already had some degree of biological relevance to begin
with. This optimization approach could, to some degree, decrease
the uncertainty of these unknown parameters that were then
trained to be able to achieve a local optimum. However, we can-
not rule out the possibility that there is not another optimum that
has similar prediction performance, but with greater biological
relevance. Additional experimental studies that directly measure
these parameters’ values would be helpful to increase the realism
of the present model.

Model Evaluation

Although the present model was able to adequately simulate the
majority of available data, it slightly overestimated PFOS levels
in the maternal liver during the lactational period (PNDS5) in rats
(Table 4). The reason for this overestimation is unknown, but it
could be due to the lack of appropriate parameters to simulate the
TK behavior of PFOS in the liver. The liver is the primary target
organ and a site of accumulation for PFOS (Fai Tse et al. 2016;
Han et al. 2018; Wan et al. 2016). It has been reported that PFOS
can bind to the liver fatty acid-binding protein (L-FABP) and
interfere with the accumulation of PFOS in the liver (Luebker
et al. 2002; Zhang et al. 2013a). Although the influence of PFOS
binding to L-FABP on its liver dosimetry remains to be eluci-
dated, a previous study used the Michaelis-Menten equation to
describe the protein binding of PFOS in the liver and simulated
the liver concentration in the pregnant rat (Loccisano et al.
2012b). The simulated result from this study appears to be in
agreement with the observed data. Additional information on
changes in the levels of liver L-FABP protein or changes in bind-
ing kinetics, and also information on any changes in the expres-
sion and dynamics of liver transporters that may affect the
disposition of PFOS in the liver, would help to improve our
model (Zhao et al. 2017).

For the human model, the time-varying PFOS profiles in
pregnant women and fetuses decreased as gestation progressed.
However, during lactation, the simulated PFOS concentration in
the neonatal plasma was increased to reach a level close to the
levels of the mother before the end of breastfeeding. This result
is consistent with previous findings that the serum PFOS levels in
breastfed infants are similar to or higher than those found in the
mother (Fromme et al. 2010; Gyllenhammar et al. 2018; Haug
et al. 2011). This result raises a concern of neonatal exposure to
PFOS and suggests that the potential risks of neonatal exposure
to PFOS through breastfeeding need to be considered relative to
the known benefits of breastfeeding, particularly when consider-
ing that the developmental effects from early life exposures may
be sensitive windows for PFOS toxicity (Kédrrman et al. 2007;
Llorca et al. 2010).

The human model simulation results were also compared with
multiple biomonitoring studies. Because the biomonitoring data
were collected from different human populations from different
countries and the exposure doses and sources were unknown, the
PBPK model was extended to become a population model by
accounting for the variability of parameters between individuals
with various exposure scenarios via MC simulation (exposure
doses ranging from 0.19 to 4.4ng/kgper day, estimated by
Loccisano et al. 2013); the population model simulation results
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were compared with the observed maternal plasma, cord blood,
and milk data from human biomonitoring studies (Fei et al. 2007;
Fromme et al. 2010; Giitzkow et al. 2012; Inoue et al. 2004b;
Kato et al. 2014; Lee et al. 2013; Midasch et al. 2007; Monroy
et al. 2008; Zhang et al. 2013b). As shown in Figure 5, the simu-
lated population results correlated with observed data quite well,
although there were still some uncertainties associated with the
exposure dose. Additional studies on exposure information of
PFOS in the mother, fetus, and infant should improve the ability
of the model to recapitulate human studies.

Comparison of Estimated HED and RfD Values with the
Guidance Values from U.S. EPA and EFSA

Health-based toxicity values (e.g., RfD) are estimated by govern-
mental agencies to serve as an acceptable exposure level to pro-
tect the general population, including sensitive subpopulations
(e.g., pregnant women or fetuses), from adverse health outcomes
resulting from exposure to chemicals. However, the reference
dose for PFOS derived from the U.S. EPA (2016) is of high
uncertainty (Dong et al. 2017; Dong and Naidu 2019; Wambaugh
2018). Specifically, an empirical TK model was developed by
Wambaugh et al. (2013) and then the model was used by the U.S.
EPA to derive the chronic oral RfD of 20ng/kgper day for
PFOS (U.S. EPA 2016). The model was used to predict the ASCs
achieved in toxicity studies conducted using various animal mod-
els (e.g., CD-1 mouse, C57BL/6 mouse, Sprague-Dawley rat,
cynomolgus monkey). The ASCs of animals were then extrapo-
lated to calculate equivalent steady-state concentrations in
humans by multiplying a conservative factor of clearance
(8.1x IO‘SL/kg per day) derived from a traditional TK model
with a first-order elimination of PFOS from plasma (Olsen et al.
2007; Thompson et al. 2010; U.S. EPA 2016). However, there
are some limitations and uncertainties of this approach because
the traditional TK model is not physiologically based and the pa-
rameters are not biologically plausible; therefore, it is not suitable
for species extrapolation and the result may be of high uncer-
tainty (Dong et al. 2017; Dong and Naidu 2019; Wambaugh
2018).

Pregnancy is associated with physiological and biochemical
changes that might affect the pharmacokinetic properties of
PFOS. Not taking account of the parameter changes during preg-
nancy and prenatal or lactational exposure could underestimate
the potential risk for sensitive populations. The present study
allows for estimation of the potential impact of the use of only
the adult TK model for the derivation of the HED for develop-
mental effects given that this study and the study by the U.S.
EPA(2016) used the same critical toxicity end points in animals.
The results indicated that the derived fifth percentile HEDs
(Method 1 in Table 5) were 1.5-8 fold lower than the values esti-
mated by the U.S. EPA. Using the estimated fifth percentile of
HED values resulting from the NOAEL of rat developmental tox-
icity studies as PODs and the same uncertainty factor of 30 (a
factor of 10 to account for the intra-species variability and a fac-
tor of 3 to account for interspecies variability in pharmacodynam-
ics) as used in the U.S. EPA guidance (U.S. EPA 2016), the
estimated RfD values ranged from 2.67 to 30 ng/kg per day. The
lowest RfD (2.67 ng/kg per day) derived from the present study
is lower than those currently recommended by the U.S. EPA
(20 ng/kg per day) (U.S. EPA 2016) for the developmental end
point (Luebker et al. 2005a), but it is close to the values derived
from our previous study (Chou and Lin 2019, 2020) (3 and
1.1 ng/kgper day) and the health-based guidance value of the
EFSA (tolerable daily intake) of 1.8 ng/kg per day) derived from
human studies based on the serum cholesterol end point (EFSA
CONTAM Panel 2018). The fifth percentile of HED values
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derived from another method based on the AUC ratios (Method 2
in Table 5) that were estimated from the developed gestational
and lactational model in rats and humans were also lower than
the values derived from U.S. EPA report (Table 5). Because the
health-based guidance values estimated from U.S. EPA, EFSA,
and the present study were based on the different TK or PBPK
models, such comparisons would be helpful to serve as a basis
for the estimation of guidance values by governmental agencies.
In addition, our study suggests that it is important to use a life-
stage-appropriate PBPK model to derive HED of age-specific
toxicity end points for PFAS.

Limitations
Several limitations of this study should be considered when inter-
preting our results. First, biomonitoring data reflect an internal
dose that corresponds with the external exposure from all possi-
ble sources and by all routes. The use of such data, for which ex-
posure data are not available, is challenging. In the present study,
we had to assume the exposure level was constant before preg-
nancy, during gestation, and lactation for each selected biomoni-
toring study due to a lack of accurate time-dependent exposure
information in each of the selected human biomonitoring studies
during different periods. However, variations of maternal dietary
consumption, water intake, and PFOS exposure during different
periods may cause differences, and thus uncertainty, on estimated
PFOS internal dosimetry. To reduce the uncertainty associated
with the human exposure dose, in this study the human exposure
dose used to simulate each selected biomonitoring study was col-
lected based on a previous PBPK modeling study (Loccisano et al.
2013). The use of a consistent approach for human exposure dose
estimations makes the results comparable between our study and
the study by Loccisano et al. (2013). In addition, in the
Loccisano et al. (2013) model, exposure to PFOS was modeled
as a direct input into the maternal plasma compartment (as a way
of modeling overall input through all possible exposure routes).
Yet, our model assumed that the exposure sources of PFOS were
mainly through oral exposure routes and the absorption of PFOS
occurred mainly in the stomach and small intestine. We ran addi-
tional simulations to compare the maternal plasma concentration
and the total absorbed amount between these two methods (i.e.,
dose input to the stomach vs. directly into the plasma), and we
found the discrepancy was very minor (i.e., <1%) (Table S11).
Second, our model did not account for the other possible
elimination pathways of PFOS during gestation and lactation
such as the blood loss due to childbirth. Menstruation and blood
loss during delivery is a possible additional elimination pathway
of PFAS (Lorber et al. 2015; Wong et al. 2014; Wu et al. 2015).
However, in our model the amounts of PFOS in plasma and
organs at the end of pregnancy were conserved and used as the
initial values in the lactational model. As a result, the initial
PFOS levels in plasma for lactating women might be somewhat
overestimated without considering the excretion of PFOS due to
the blood loss at childbirth (the volume of plasma loss was calcu-
lated to be 0.7 L from 3.7 L at 40 wk of pregnancy to 3.0 L at the
beginning of lactation). Another model uncertainty is that the pre-
pregnant model was a simplified model and the dynamic changes
of individual physiological parameters were only based on the
changes of BW. Nevertheless, this approach is similar to the
approach used in the lifetime PBPK model for PFAS in the latest
EFSA guideline (EFSA CONTAM Panel 2020), and the pre-
dicted serum PFOS concentrations from the prepregnant female
model were very similar to the measured serum PFOS concentra-
tions in the U.S. woman population reported by NHANES from
2005 to 2014 (CDC 2018) (Figure S4).
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Third, there is a lack of experimentally measured kinetic pa-
rameters for the mother, fetus, and infant. For example, there are
no available kinetic data on the alteration of renal reabsorption of
PFOS during gestation and lactation. Thus, the relevant renal
reabsorption/excretion parameters during gestation and lactation
had to be assumed to be the same as in the adult model and used
for model calibration for the gestational and lactational model in
rats and humans. Despite that the renal reabsorption/excretion pa-
rameters were optimized and model predictions were in agree-
ment with the observed data, additional experimentally measured
data on key parameters such as plasma protein binding and renal
reabsorption/excretion in mothers, fetuses, and neonates will help
increase the reliability of the model. Fourth, the placental trans-
porter system (transporter proteins, including the OAT) was not
described in the present model. As in the rat model, the placental
transfer of PFOS was described as a simple diffusion process.
However, the human placenta is known to express several trans-
porter proteins (including the OAT) (Kummu et al. 2015). Based
on the fact that OAT4 can transport PFOS (Yang et al. 2010),
there may be a possible active transport mechanism for the re-
moval of PFOS from the fetus in addition to simple diffusion.
Further studies are needed to refine the model if the transporter
kinetic data in placenta become available. Furthermore, develop-
ment of gestational and lactational PBPK models for PFOS in
mice are also needed to facilitate the derivation of POD in risk
assessment because most of immunotoxicity data are from mice
(Dong et al. 2009, 2011). Finally, the present model is focused
only on PFOS. Additional studies are needed to extend the pres-
ent model to become a generic model that can describe the
kinetics of other PFAS chemicals.

Conclusion

In this study, we developed a population PBPK model for PFOS
in rats and humans during gestation and lactation. The model
included a physiologically based description of transporter-
mediated renal reabsorption/excretion and adequately simulated
the observed concentration data of PFOS in maternal, fetal, and
neonatal plasma, as well as in the milk, from multiple independ-
ent data sets that were not used in the model calibration. The
model was used to estimate HEDs associated with the PODs of
several selected critical developmental toxicity studies in rats
based on the latest risk assessment report from U.S. EPA. The
HEDs derived from the present gestational and lactational model
were lower than the current HED values that were based on an
adult TK model recommended by the U.S. EPA (2016). The pres-
ent model highlights the need of understanding the impact of the
life-stage-specific dosimetry on the risk assessment of PFOS,
especially in sensitive subpopulations of pregnant women,
fetuses, and infants. This study also provides a framework for
extrapolating to other PFAS chemicals to support the risk assess-
ment of this important family of environmental contaminants.

Supplemental Materials

Supplemental Materials include the a) Supplemental Material
Word file b) Supplemental Zipped file, and ¢) Supplemental
Excel file. The Supplemental Material Word file includes the
additional explanation on the model parameters and equations
(Tables S1-S6 and S8-S9), supplemental results (Tables S7 and
S11 and Figures S1-S4), and a summary of existing PBPK mod-
els for PFOA and PFOS (Section 1, “Summary of existing PBPK
models for PFOA and PFOS,” and Table S10). The Supplemental
Zipped file contains all PBPK model codes in rats and humans,
including codes used to generate results presented in Figures 2-5,
Figures S1-S4, Tables 3-5, and Table S11, all raw experimental
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data used in the model calibration and optimization and the
instructions and tutorials on how to use the present model and
how to reproduce the results presented in this manuscript. The
Supplemental Excel file includes all raw model-derived numeric
simulation data used in the creation of Figures 2-5 and S1-S4.
Supplemental Materials to this article can be found online at the
journal’s website.
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